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Abstract 
This thesis involves the development and evaluation of benign organic ligands that 
bind strongly to oxide surfaces, particularly those of aluminium and iron. Chapter 1 
provides a general review of functionalised ligands used in surface engineering and 
considers applications such as corrosion protection, adhesion promotion and friction 
modification. 
The passivation of aluminium flake used in water-based metallic paints is considered 
in Chapter 2. Current processes for the pre-treatment of aluminium involve toxic 
materials and the development of benign alternatives is discussed. Measurements of 
adsorption isotherms by ICP-OES of a series of mono and diphosphonic acids that 
bind strongly to aluminium trihydroxide (ATH) are correlated with performance in 
passivation tests based on hydrogen evolution. Ligands allowing secondary binding 
interactions through additional functional groups, e.g. the carbonyl group in 3-oxo-3-
phenylpropylphosphonic acid showed higher equilibrium adsorption constants than 
unfunctionalised analogues, e.g. 3phenylpropylphosphonic acid but had a negative 
effect on the passivating ability. The diphosphonic acid, benzyl-phosphonomethyl-
amino-methyl-phosphonic acid binds significantly stronger than the monophosphonic 
acids but was poorly passivating. The most efficient passivators are Those with long 
hydrophobic chains, e.g. octyiphosphonic acid and dodecylphosphonic acid and Al-
flake treated with these performed as well as commercially available passivated Al- 
flake. 
The design criteria for the formation of ternary (dye/cyclodextrin/surface) complexes 
for the protection of water soluble azo-dyes that are inkjet printed onto oxide-treated 
papers is discussed in Chapter 3. Previous work to lessen photobleaching by 
enclosing the azo group inside the cavity of a cyclodextrin (CD) is described. The 
attachment of simple no-dyes, 4-(4'-hydroxy-phenylazo)phenylphosphonic acid and 
4(4'-hydroxyphenylazo)phenylarsOnic acid to ATH and goethite was assessed by 
determining adsorption isotherms and UV/Vis spectroscopy was used to follow the 
formation of dye/CD complexes in solution. It is shown that the formation of the 
ternary assembly requires a good balance between the stability of the binary 
dye/surface and dye/CD complexes. Isotherm studies of dye/CD inclusion complexes 
on ATH showed a reduction in surface coverage that provided evidence for ternary 
complex formation. Azo-dyes adsorbed on goethite showed much steeper initial 
curves with considerably higher equilibrium adsorption constants and in the presence 
of CD showed no evidence for the rotaxane-like assemblies seen on ATH. 4-(4'-
Hydroxyphenylazo)phenylarsoflic acid, 4-(4'-aminophenylazo)phenylarsonic acid 
and 4(4'-dimethylaminephenylaZo)benZene arsonic acid display evidence for multi-
layering when adsorbed on goethite (Chapter 4). 
In Chapter 5, alternative surface treatments for metal oxides are discussed which use 
some of the design features assumed to be important in chromating of oxide surfaces, 
notably the formation of thermodynamically and kinetically stable M(III) oxo or 
hydroxyl complexes. The possibility of using cobalt(III) amine complexes which 
have some labile coordination sites was investigated. The adsorption of 1,4,7-
triazaheptane (dien) and 1,2-diaminoethane (en) complexes, mer[Co(dien)C13], 
trans lCo(en)2Cl2IC 1  and [Co(en)31C13 as ligands on goethite has been studied using 
isotherm techniques. Preliminary binding constants followed the order 
mer[Co(dien)C13] > trans [Co(en)2C 1 2]Cl> FCo(en)3ICl3 which appears to relate to the 
number of easily exchangeable Cl ligands in the inner coordination sphere. 
Passivation of Al-flake is achieved by mer[Co(dien)C13]. 
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Chapter 1: Introduction 
1.1 Project overview 
This aim of the research described in this thesis is to extend the use of benign organic 
ligands in surface engineering with particular focus on the passivation of aluminium 
and the protection of chromophores that are attached to oxide treated papers. 
Adsorption isotherms are used to investigate the binding modes of ligands to 
aluminium or iron, oxides or oxyhydroxides. 
This chapter introduces the concept of surface engineering and considers some of the 
main applications and chemical technologies used in industry. It provides a 
background to this specialised area of ligand-metal coordination chemistry and 
describes the analytical techniques used throughout the thesis. 
1.2 Surface engineering 
There is a demand for new methods to modify and protect the properties of surfaces. 
Current surface treatments need to be updated to keep up with advancing 
technologies and replaced to meet stringent environmental legislation now enforced; 
as of the l' t  July 2006, the EU has restricted the trading of electrical equipment 
containing more than 0.1 % by weight of hexavalent chromium.' 
The study of surface chemistry comes at a time when new technologies (e.g. X-ray 
Photoelectron Spectroscopy (XPS), Auger Electron Spectroscopy (AES), Scanning 
Tunnelling Microscopy (STM), Surface Enhanced Electronic Raman Spectroscopy 
(SEERS), Reflection Absorption Infrared Spectroscopy (RAIRS)) are now capable of 
analysing systems at the molecular level to give information on the chemical 
composition, geometric structure and electronic properties of a solid surface. 2 
Surface engineering at the molecular level allows the incorporation of small amounts 
of material which have a major influence on surface characteristics. 
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Surface engineering can be applied in many different areas and examples are given in 
Figure Li. 











Lubricant additives / 
friction modifiers 
Figure 1.1 Applications of ligands in surface engineering which are summarised below. 
1.2.1 Corrosion inhibitors 
"Whenever metals are used corrosion is encountered, and whenever corrosion takes 
place it is an expensive process". 3 This statement clearly expresses the problem 
associated with corrosion; it is costly and inevitable. The costs of corrosion in the US 
alone have been estimated to be between $50 billion and $100 billion per year. 4 With 
this in mind, it is not surprising that much research has gone into the control and 
prevention of corrosion. 
Corrosion is the destructive result of a chemical reaction between a metal (or metal 
alloy) and its surroundings and most processes occur within an aqueous environment. 
A list of the types of corrosion is given in Table 1.1. 
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Pitting 7J ?I Erosion 
Table 1.1 Corrosion types. 4 ' 5 
Corrosion in an aqueous environment can be considered as a series of 
electrochemical reactions. The anodic reaction involves the oxidation of the metal 
and the cathodic reaction often involves the reduction of dissolved oxygen. Water 
acts as the electrolyte and transfers electrons between the cathode and anode. 4 
Anodic 	M 	> M + & 	e.g. Fe 	> Fe2 + 2e- 
	
Al 	> A,3+ + 3e- 
Cathodic 	02 + 2H20 + 4& 	> 40H- 
02 + 4H + 4& 	> 2H20 
A protective oxide coating is naturally formed on the surface of some metallic 
elements (e.g. Al) but these layers are usually very thin and fragile. 
5 
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Ideally, the use of non-corrosive metals (i.e. gold) and non-corrosive environments 
(i.e. a vacuum), would prevent the corrosive reaction between a metal and its 
surroundings. Since this is impracticable, we look to control and where possible 
prevent corrosion. The methods used in industry involve protective coatings, 
electrochemical methods and corrosion inhibitors. 
Protective coatings (e.g. plastics, resins and paints) are used to provide a physical 
barrier between the metallic surface and the corroding environment. These are 
effective but are very dependent on the coating remaining undamaged. 
Electrochemical (e.g. cathodic, galvanising, chromating and anodic) processes alter 
the electro-potential of the surface to minimise the corrosion reaction. Galvanising is 
a technique that coats steel with zinc. The zinc provides a physical protective layer 
but in addition, if the surface is damaged, the zinc has a lower oxidation potential so 
is oxidised more favourably than the iron in steel 
.6 
The inhibition of metal corrosion by organic molecules (corrosion inhibitors) is also 
widely studied. Hefter et al.7  report the use of straight chain aliphatic mono- and di-
carboxylates to inhibit the corrosion of mild steel, copper and aluminium by 
electrochemical techniques. They found in general that increasing the chain length of 
the aliphatic 'tail' increased the effectiveness as a corrosion inhibitor until an 
optimum chain length of 8-10 carbons was reached. 
Organic corrosion inhibitors have also been the subject of recent research at the 
University of Edinburgh. The corrosion inhibitor 3-(4-methylbenzoyl)-propionic 
acid, (Irgacor-419) 0 is currently manufactured and supplied by Ciba Speciality 
Chemicals for incorporation into waterbome polymeric coatings. It is thought to bind 
to oxidised iron surfaces in the deprotonated form, creating a passivating film to 
prevent corrosive ions reaching the surface. 8 
Studies of the corrosion inhibition of iron with Irgcor-419 and related derivatives 
(Figure 1.2), indicate that the presence of both the methyl group in the para position 
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of the aromatic ring and the carbonyl group in (A) give rise to more efficient 
inhibition in protective coatings, than molecules without the methyl substituent or. 
keto-functionalities (B and C, respectively)? 
CO2H 
Figure 1.2 Structure of the ligands (A) 3-(4-methylbenzoyD-propionic acid (Irg-419), (B) 3- 
benzoyl propionic acid, (C) 4-p-tolyl-butyric acid? 
A combination of structural studies on polynuclear iron(III) complexes and 
modelling of the docking of Irgacor-419 onto Fe(III) oxide surfaces suggested that 
strong binding to surfaces occurs via multisite attachment, a combination of covalent 
Fe-O coordinate bonds from the carboxylic group and hydrogen bonding from 
surface OH groups to the 4-keto group. This model allowed the design of more 
efficient corrosion inhibitors to be undertaken. 9 
1.2.2 Passivating agents 
Passivation is the process of making a material inactive to a corrosive environment, 
in much the same way as a corrosion inhibitor. Such protection is often referred to as 
passivation when considering the protection of metallic pigments in paints. 
Passivating agents are commonly used to protect aluminium flake pigments from 
degregation in aqueous media (see Section 2.1): 
2A1 + 61120 
	
2A1(OH)3 + 3H2 
Passivating to preserve reflectivity and prevent hydrogen evolution has involved 
chromating processes.' () ' 11 (discussed further in Section 2.1.6) but concerns over the 
carcinogenic nature of Cr(V) and Cr(VI) 12' 13 have led to the development of benign 
alternatives. Alternative treatments presently applied to commercial aluminium 
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pigments involve the adsorption of organic ligands, particularly phosphates, silicates 
or polymers 14-17 onto the metallic surface, or complete pigment encapsulation. 
18 
Muller et al.. have studied the passivation of Al and Zn surfaces by organic ligands 
such as phenols 19 , amines 19 , heterocyclic material 
S20 and phosphonic acid 
derivatives 21 (Figure 1.3). Ligands A and D were found to be effective passivators 
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Figure 1.3 Examples of Al and Zn passivators (A) salicylic acid, (B) salicylamide, (C) 1 H- 
benzotriazole and (D) ethylenediaminetetramethylene phosphonic acid. 
19-21 
Efficacies were explained by Pearson's principle of hard and soft, acids and bases. 22 
Aluminium is a hard Lewis acid and as the phenolate, (A) and phosphonic acid, (D) 
are hard Lewis bases they will form stable Al-complexes. Similarly, zinc is a 
borderline Lewis acid and will form particularly stable complexes with aromatic 
amines, (B) and organic heterocycles, (C) which are borderline Lewis bases. 
1.2.3 Lubricant additives 
Friction modification is an area where surface ligands are crucial to the efficient 
working of the system. Engine oils contain many different components known as 
additives that change the properties and performance of the oil (Table 1.2). 
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Additive Example Function 
Prevents wear of loaded surfaces 
Antiwear Zinc dialkyldithiophosphates such as bearings and piston rings 
Neutralises the products of oil 
Detergent 
Colloidally dispersed metal oxidation and acidic gases produced 
carbonates in the combustion process 
Condensation products of Disperses debris evenly throughout 
Dispersant polythene-polyamine the oil to prevent deposit build-up 
Prevents oxidative degregation of oil 
Antioxidant 
Hindered phenols and by free radicals and NO produced in 
alkylated diphenylamines the combustion process 
Fatty acid esters and amides Reduces friction in the engine where 
Friction Modifier and molybdenum two surfaces come in contact - 
dithiocarbamates bearings, oil pump, piston assembly 
High molecular weight Ensures that effective lubrication is 
Viscosity Index olefin copolymers of provided over a wide temperature 
Improver ethene/propene range 
Table 1.2 Engine oil additives and their individual uses. 23 
Friction is defined as 'wear' between two moving surfaces which causes an 
unfavourable energy loss. External friction, also known as 'mechanical friction' 
occurs from the contact of metal -to-metal surfaces and results in adverse grooving 
and adhesion. Internal friction arises from the viscosity of the lubricant. Both 
external and internal friction contribute to increased fuel consumption. 
Friction modifiers are added to engine oils to improve the boundary between metal 
surfaces thereby minimising external friction, and allows the use of lower viscosity 
oils to reduce internal friction. 
Molybdenum dithiocarbamates (Figure 1.4) are currently used as friction reducing 
agents as they decompose in situ to form molybdenum disulphide that adsorbs 
efficiently onto metal surfaces to generate a low friction film. 
 24  The poisoning of 
catalytic converters by sulfur decomposition products has raised concern. Legislation 
in the US and Japan has put a tight limit on additives containing elements such as 
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Figure 1.4 Molybdenum dithiocarbamates used as friction modifiers .24 
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Research at Edinburgh has studied the use of organic molecules as alternative 
friction modifiers. 23 The design criteria involved a polar head group to bind strongly 
to metal surfaces and a long alkyl tail group to aid in solubility. Examples of the 
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Figure 1.5 Potential organic friction modifiers .26,27 
M. Beltzer et al.26  described the ability of a range of different organic molecules, 
varying in chain length, chain saturation and the ligating head group, to be used as 
friction modifiers. The authors proposed that saturated C18 chains with carboxylic 
acid ligating groups (Figure 1.5) were most effective friction reducers. They were 
shown to bind strongly and formed a well packed film on the surface of steel balls. 
Strong intermolecular (van der Waals) interactions between tail groups minimised 
film degregation. This work has been extended recently at Edinburgh using 
molecular dynamics calculations to simulate film formation at iron oxide surfaces. 
27 
1.2.4 Adhesives and adhesion promoters 
An adhesive is a compound that binds or 'glues' two surfaces together. The use of 
these materials has grown rapidly and traditional mechanical methods of 'joining', 
such as nails, screws, welding and riveting, are now being replaced by chemical 
bonds. 28 Adhesives can fall into several different categories, e.g. drying (solvent- 
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based), hot melt, reactive and pressure sensitive adhesives, which are summarised in 
Table 1.3.2930 
Type Description / method Example 
Drying adhesives Polymer dissolved in a solvent that hardens Paper glues 
(solvent-based) as the solvent evaporates. 
'Hot melt' adhesive Adhesive is heated and applied as a liquid Glue gun I 
(thermoplastics) and forms a bond on cooling as it solidifies. 
- Two-part adhesive (a monomer and a 
Reactive or reaction initialiser/hardener) - on mixing 'Araldite' (epoxy resins) 
structural adhesives polymerises to form strong bonds. 
(thermosetting) - Adhesives that react with surface 'Super glue' (cyano-acrylate) 
moisture to form strong chemical bonds. 
Permanent - safety labels for 
Pressure sensitive Bond formed by light pressure, designed power equipment 
adhesives for permanent or removable applications. Removable - masking tape, 
surgical_tape,_price_labels 
Table 1.3 Adhesive types .29.30 
The strength of adhesion of the 'glues' in Table 1.3 vary and 'reactive' adhesives are 
among the strongest available as chemical bonds are formed with the surfaces. Epoxy 
resins consist of an epoxide that polymerises and cross-links (cures) when mixed 
with a catalyst. The simplest example is epichlorohydrin and bisphenol-A (Figure 
1.6) that is cured when combined with a primary amine (e.g. ethylene diamine) to 
form a cross-linked resin with a high stress tolerance. 
31 
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DGEBPA 
Figure 1.6 Polymerisation of the di-glycidyl ether of bisphenol A (DGEBPA). Reaction of the 
epoxy groups with two moles of ethylenediamine generates a polymer with four amine 
groups (two primary, two secondary) that can react with further epoxy groups to form a 
cross-linked resin .31 
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'Super glues' are composed of a methyl cyano-acrylate monomer (Figure 1.7) and a 
stabiliser. When the glue comes in contact with trace amounts of moisture on 
surfaces, rapid anionic polymerisation occurs to form very strong adhesive bonds. 28 
IN 
Figure 1.7 Methyl cyano-acrylate monomer used in super glues. 28 
The substrate (e.g. metal, wood or plastic) to which a surface or coating is to be 
applied can also be modified by adhesion promoters to enhance the strength of the 
bond. Adhesion promoters form a group of materials that are generally used to form 
primary bonds to the substrate or applied surface to improve adhesion. 32 For 
example, an adhesive promoter may encompass functional groups such as vinyl or 
epoxides that can crosslink into the polymer based adhesive (Figure 1.8). 
* * * apply ligand 
+ 
R 	R 	R 
apply/cure 
I 	I I 	I I 	I 	polymer 
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II 	F47  
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Figure 1.8 Schematic cross-linking of a ligand by an adhesive polymer. 
Silanes [R-Si-(OR')3, where R = vinyl/amino and R' = a halide] are an example of a 
multi-functional adhesion promoter. The silanol group reacts with the substrate and 
the functional groups can interact with the adhesive binder. 
32  Titanates, zirconates 
and a variety of organic compounds have been tested as adhesion promoters 
12  but 
much of this research is confined to the patent literature. 
Aluminium metal used to make aircraft components is treated prior to adhesion. The 
Al panels are subjected to a chromating treatment that forms a chemical layer on the 
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surface to increase the roughness' which improves adhesion. 10 These treatments are 
discussed further in Section 2.1.6. 
1.2.5 Dye-sensitised solar cells 
The Dye-Sensitised Solar Cell (DSSC) provides another example of surface 
chemistry where anchoring groups are designed to bind to surfaces, in this case of 
nanocrystalline Ti02. 
Owing to the depletion in fossil fuels, the need to find renewable energy sources is 
paramount. Cells capable of converting solar energy into electrical energy have 
received considerable attention. Recent progress in the development of dye-
sensitised solar cells has promulgated a system that efficiently harvests low-energy 
light with effective results. 
The DSSC is made up of several components, shown schematically in Figure 1.9. 
Two conducting glass electrodes are arranged in a sandwich configuration. One is 
coated with FTO (fluorine doped tin oxide) upon which a thin layer of a wide band 
gap semi-conductor (e.g. nanocrystalline TiO 2) is deposited. A dye sensitizer' that 
absorbs light in the visible region is anchored to the TiO2. Upon excitation, the dye 










Figure 1.9 Schematic representation of a dye-sensitised solar cell.34'35 
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The electrodes are separated by a redox electrolyte (typically f/131 and a small 
amount of platinum is deposited on the counter electrode to catalyse the cathodic 
reduction of triiodide to iodide to create a conducting network. 
34 
The dyes used in the DSSC need to meet precise criteria to be an efficient sensitizer. 
Properties such as an intense absorption in the visible region, efficient electron 
injection into the conduction band, stable ground and excited states and a strong 
adsorption onto the semi-conductor surface are essential 
.33 
Among the photosensitizers investigated, transition metal dye complexes are the 
most efficient. These usually have anchoring and ancillary ligands. Carboxylic acid 
groups have been used to bind the dye to the oxide surface and ancillary ligands 
allow the dye to be 'tuned' to a particular absorbance. 
34  To aid ligand attachment, 
porous nanocrystalline semi-conductors are used to increase the surface area for dye 
adsorption. Ti02 also has the advantages of being very stable, inexpensive and easily 
processed. 
One of the pioneering metal-complex sensitizers, developed by Grätzel et al.36 was a 
ruthenium(II) polypyridyl complex (Figure 1.10). This had exceptional performance 
as a photosensitizer (e.g. 12 % efficiency) and long-term stability. In addition, the 
carboxylic acid moieties reacted with Ti02 to form very stable ester linkages. An 
independent study by Weng et al. 37 looked at the possible binding modes of 
carboxylic acids to Ti02 surfaces. The authors considered binding of the types A-F 
in Figure 1.10, which involve electrostatic ionic interactions, physisorbed hydrogen 
bonds and covalent chemical bonds (ester linkages, chelating and bridging 
interactions). The study confirmed that 63% of surface binding Was via mode B, 34% 
via C and D and 3% by a combination of A, E and F. Similar binding modes to 
aluminium(III) and iron(III) oxides and oxyhydroxides are possible in the systems 
reported in this thesis (Chapters 2-4). 








Figure 1.10 [Ru{4,4'-(CO 2H)2-bpy}2(NCS)2?4  and the possible binding modes of carboxylic 
acids to metal oxide surfaces .37 
Many other anchoring groups based on phosphonic acids, hydroxamic acids (Figure 
1.11), amide (-NH-C=O) and silanyl (-0-Si-) linkages have been investigated. 38
-40 
The phosphonic acid forms very stable ester-like bonds with TiO2 and adsorption 
studies have estimated the binding constants of phosphonic acids to be an order of 
magnitude greater than for carboxylic acids, 4.9 (± 0.8) x 10 5 cf. 2.2 (± 0.1) x io M 1 
respectively. 39 Phosphnic and carboxylic acid linkages have optimal pH ranges, pH 
!!~ 4.5 (-0O2H) and pH !~ 8.5 (-P03142). Above these pH values, hydrolysis and de-
chelation can occur. 34 
I - CI, CN or NCS 
	 L - CI or H20 
Figure 1.11 Schematic representation of [Ru{4,4'-(PO 2R)çbpy}2L21 and [Ru{CONHOH) 2- 
bpy}L2] anchored to Ti02 . 33 ' 
Research into the development of DSSC's continues to grow. Dyes with different d 6 
metal centres, e.g. Fe(II), Re(I), Os(II), d 8 metal centres, e.g. Pt(II) and varying 





Chapter 1: Introduction 
1.2.6 Rotaxanes and molecular shuffles on surfaces 
Supramolecular chemistry and more specifically rotaxanes have recently featured 
within the boundaries of surface chemistry with the development of dye/cyclodextrin 
entities that bind to cellulose using reactive dye chemistry. Hutchings et al!' showed 
that an encapsulated azo-dye derivative could be attached to a fibrous cellulose 
surface to create a rotaxane-like structure (Figure 1.12). This topic is discussed 
further in Chapter 3. 
Figure 1.12 The proposed structure for the attachment of an encapsulated azo-dye to 
cellulose." 
Switchable rotaxanes (molecular shuttles) have also been developed to incorporate 
surface ligating groups. A molecular shuttle is essentially a [2]rotaxane with a thread 
that has two different binding sites at which the macrocycle may be located. The 
system is organised to allow the macrocycle to favour one binding site over the other 
(red site, Figure 1.13). When an external stimulus (chemical/physical) is applied, the 
binding sites are altered to favour an interaction with second site and the macrocycle 
'shuttles' to the blue station (Figure 1.13). A subsequent stimulus reverses the 
process. 45,46 
stimulus 1 
- stimulus 2 
Figure 1.13 A schematic representation of a stimuli-triggered molecular shuttle.46  
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Recent progress in the development of molecular shuttles with surface ligating 
groups has seen the use of thiols to form self-assembled monolayers (SAMs) on gold 




Figure 1.14 A schematic diagram of a [3]rotaxane adsorbed onto a gold surface .47 
Leigh et al. 49 ' have recently used similar methods to attach a 121rotaxane to a gold 
surface. An alkanethiol (Figure 1.15) was used to form an acid-terminated self-
assembled monolayer on the surface of gold. Initially, the interactions of two 
different macrocycles (A and B, Figure 1.15) with the SAM were studied. Results 
suggested that the macrocycle with the hydroxyl group (A) formed covalent bonds 
with the acidic groups of the monolayer whereas the pyridine macrocycle (B) formed 







Figure 1.15 Alkanethiol used to create the SAM and schematic representations of the two 
macrocycles (A and B) and the [2]rotaxane [C]. 4950 
Following these initial results, the authors grafted a [2]rotaxane (a benzylic amide 
molecular shuttle) with two pyridine moieties (C), onto the surface of the SAM. X- 
ray photon spectroscopy (XPS) and fluorescence spectroscopy showed that the 
rotaxane was H-bonded to the SAM acid group through the pyridine moieties. 
50 
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1.3 Aluminium and iron substrates 
Many of the applications of new ligands in this thesis involve attachment to 
aluminium or iron, oxides or oxyhydroxides. Two materials have been used to study 
ligand binding, i.e. aluminium trihydroxide (ATH) and iron(III) oxide (goethite). 
Samples with relatively high surface area have been used, 6 m 2  9 1 and 23 m2 g' for 
ATH and goethite, respectively. 
1.3.1 Aluminium oxides and hydroxides 
Aluminium forms a range of oxides and hydroxides, the most common being 
aluminium(III) oxide [A1203], aluminium oxy/hydroxide [A1(0)(OH)j and 
aluminium(III) trihydroxide [Al(OH)3]. The trivial names of the a and i  forms of 
these compounds are given in Table 1.4. 
Oxide/hydroxide a-form y-form 
A1203 corundum y-alumina 
Al(0)(OH) diaspore boehmite 
AI(OH)3 bayerite gibbsite 
Table 1.4 Common forms of aluminium oxides/hydroxides. 51 
The structures of aluminium hydroxide (bayerite and gibbsite) consist of stacked 
sheets of edge-linked octahedra [Al(OH)6] 3 . Each hydroxide is bonded to two AI 3 
ions to form a structure where a '/3 of the octahedral sites are vacant (Figure 1.16). 
The two crystalline forms differ in the way the layers are stacked. In a-Al (OH)3, the 
system is approximately hexagonal close-packed, whereas in 1-Al(OH)3 the 
hydroxide groups stack directly above and below each other. 51 
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Figure 1.16 Basic structure of Ai(OH) 3 and a packing diagram. 52.53 
Commercially gibbsite is the most important form of Al(OH)3 and is isolated from 
bauxite (a mixed aluminium oxide/hydroxide mineral) as an intermediate in the 
Bayer process. 54 Bayerite can also be isolated during this process, but purity is low as 
it is usually contaminated with gibbsite and boehmite. Bayerite is often made 
synthetically, using methods such as the hydrolysis of aluminium ethylate. 55 
Aluminium oxides and trihydroxides have many different industrial applications and 
over 3.6 million tonnes are used per annum in the form of zeolites, ceramics, papers, 
pigments in paints, abrasive fillers in toothpastes, fire retardants and in 
pharmaceuticals. 54 
1.3.2 Iron oxides and hydroxides 
The chemistry of the formation of iron oxides is complex. Anhydrous and hydrated 
oxides interconvert in redox and decomposition processes. 56 The iron oxides are 
composed of Fe and 0/OH and the most common are listed in Table 1.5. 
Oxide/hydroxide  Name Colour 
• 	 a-Fe203  hematite red, nonmagnetic 
y-Fe203 Fe" maghemite brown, ferromagnetic 
Fe304 Fe"/Fe" magnetite black, ferromagnetic 
FeO Fe" wüstite black, antiferromagnetic 
a-FeOOH Fe" goethite yellow/brown, antiferromagnetic 
Table 1.5 Common forms of iron oxides and hydroxides.5157 
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Iron oxides consist of close-packed (hcp or ccp) arrays of oxide anions with the 
interstices partly filled with Fe 2 or Fe3  in an octahedral coordination. Goethite (a-
FeOOH) has a diaspore structure 53  based on hcp of anions with two independent 
oxygen atoms (Oi oxo and 0u hydroxyl). Each iron is surrounded by three 02  and 
three Off to give Fe03(OH)3 octahedra (Figure 1.17). Goethite is used as an 
industrial pigment. 57,58 
Figure 1.17 Basic structure of a-FeOOH and a packing representationP' 59 
Very large quantities of iron(III) oxyhydroxides are formed as by-products in the 
recovery of other metals of higher value. 60 The safe disposal or economically viable 
conversion of 'red muds' and jarosites from aluminium and zinc production presents 
a major challenge. 60 
1.4 Binding modes of surface ligating groups 
The surface ligating functional groups studied in this thesis are carboxylic (RCO2H), 
phosphonic (RP03H2) and arsonic (RAs03H2) acids. There are many different ways 
in which these groups could attach to metal oxide surfaces. These can be based on 
electrostatic interactions, physisorption (secondary binding involving ion-dipole or 
hydrogen-bonding etc) and covalent chemical bonding (using ester linkages, 
chelating and bridging coordinate bonds). 
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1.4.1 Carboxylic acids 
Weng et al .37 proposed a series of different binding modes for the interaction 
between a carboxylic acid and a titanium oxide surface. The most favourable 
interaction was determined to be the covalent chemical bond (B in Figure 1.10). 
This work has been extended at Edinburgh. 56  A recent search of the Cambridge 
Structural Database (CSD) considered all the possible binding modes of carboxylates 
to iron oxides shown in Figure 1.18. The notation used to assign the binding motifs 
was defined by three numbers (e.g. 1.10); the first is the number of metal centres 
involved in the binding interaction, the second is the number of O-M bonds on one of 
the oxygen atoms in the carboxylate and the third is the number of O-M bonds 
formed by the other oxygen atom. 56 
MM 
1.10 	 1.11 	 2.11 	 2.20 	 2.21 
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Figure 1.18 Possible coordination modes of carboxylates to iron oxides.56  
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The most common binding motifs formed are the bridging [2.11], terminal [1.10] and 
chelating [1.11] modes, which together make up over 92 % of the total structures 
listed in the CSD. 
1.4.2 Phosphonic and arsonic acids 
A number of studies have been undertaken to determine and model the binding 
interaction between a phosphonic acid and a metal oxide surface. 11-14  Recent 
molecular modelling of phosphonates on barium sulfate has also provided additional 
information on the modes of phosphonate adsorption. 65  As for carboxylic acids 
above, studies have shown that the predominant binding modes of phosphonic acids 
are covalent in nature. Two binding modes dominate, the first is a fully deprotonated 
phosphonic acid (RPOt) which binds through all three oxygen atoms to three 
separate metal atoms. The second is a singly deprotonated phosphonic acid (RP03H) 
where two oxygen atoms bind to two different metal atoms (Figure 1.19).62 64 
oZio 	HOZ IO 
101 ol 
M 	I M 
	 IM 
M 	 M 
A 	 B 
Figure 1.19 Covalent binding interactions between a phosphoric acid and a metal oxide. 
Adler et al. 61  and more recently Adams et al 
.62  have suggested that phosphonic acids 
bind to Al(OH)3 or A1O.OH as a result of a sequence of acid-base reactions (Figure 
1.20) eliminating water to form stable trinuclear complexes similar to A in Figure 
1.19. Initially, the P03112 head group forms H-bonds to the surface through all 
oxygen atoms (A in Figure 1.20). A condensation reaction to form two P0-Al bonds 
releases two water molecules to form the dinuclear complex (B in both Figure 1.19 
and 1.20). In the final stage the P=0HO hydrogen bonded unit in the presence of H 
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complex (C in Figure 1.20). The absence of the P=O JR vibration led to the proposed 
trinuclear binding mode in both studies.61' 62 
R 
HO' I I 	OH 
Figure 1.20 Acid-base condensation reaction to form trinuclear complexes 
.61,62 
Arsonic acids (RAs03H2) are analogous to phosphonic acids (RP03H2). The pKa 
values of Ar-As03H2 and Ar-P03H2 are of a similar magnitude (pKai = 3.3 and 1.8 
and pKa2 = 7.45 and 7.5, respective] 
Y)66, 67 and the coordination chemistry at metal 
oxide surfaces is expected to be similar. Recent studies have shown that arsenate 
(As04H3) binds strongly to Fe 
3+  oxides predominately as a bidentate, binuclear 
surface complex (Figure 1.21).68 69 The authors demonstrated by extended X-ray 
absorption fine structure (EXAFS) spectroscopy that three different structures existed 
1! 
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on the surface of goethite with varying bond distances. At low surface coverage, the 
monodentate complex was favoured (As-Fe = 3.59 A) and at higher coverages, the 
bidentate-binuclear complex was preferred (As-Fe = 3.24 A).69 
Figure 1.21 Schematic representation of the surface structures of arsenate on goethite. 69 
1.5 Adsorption isotherms 
Adsorption isotherms are an effective way of determining adsorption characteristics 
of an adsorbate onto a metal oxide surface, and can provide the following 
information 70 : 
equilibrium constants for adsorption/desorption, 
the number of sites available on the surface for monolayer coverage, 
binding strength of the ligand, 
surface coverage of a single ligand, and 
orientation of the ligand on the surface. 
Within this thesis, isotherms are used to investigate the strength of binding and the 
surface coverage of organic ligands on aluminium trihydroxide (ATH) and goethite. 
A typical adsorption isotherm records the amount of ligand adsorbed onto the surface 
of the solid, (e.g. ATH) as a function of the amount left in solution (Figure 1.22). The 
initial slope gives information on the strength of binding and the plateau records the 
surface coverage. 
70 
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Figure 1.22 A typical Langmuir isotherm plot. 
Molecules can attach to the surface byphysisorption or chemisorption. Physisorption 
involves relatively weak and long-range interactions (e.g. van der Waals, dipole-
dipole and H-bonding), whilst in chemisorption Strong chemical bonds (e.g. 
covalent) are formed between the adsorbate and the surface and often result in 
strongly exothermic (40 to -800 kJ moE') reactions .5 
71  The surface interactions 
studied in this thesis involve a combination of physi- and chemisorption in most 
cases. 
1.5.1 Isotherm types 
Isotherms can be divided into four main classes, S. L, H and C based on the initial 
slope of the curve (Figure 1.23). These classes can be divided into further sub-groups 
by the shape of the plot that follows.72 
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CLASS 
S 	 L 	H 	C 
2fC / 
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EQUILIBRIUM CONCENTRATION 
Figure 1.23 Classification of adsorption isotherms. 73 
In an S curve, the initial slope is convex to the x-axis and is followed by an inflection 
producing an "s-shaped" curve. The initial curvature is indicative of 'cooperative 
association' between neighbouring moleculS, the more solute adsorbed on the 
surface, the easier additional molecules will bind. This type of curve is observed 
when the solute is mono-functional with intermolecular interactions causing vertical 
packing in a regular array on the surface (Figure 1.24). Solute molecules are also in 
competition with solvent molecules or other adsorbed species 
.70 
Figure 1.24 (i) S curve - solute is adsorbed vertically and is more stable in a regular array 
than in isolation, (H) L curve - solute likely to adsorb horizontally and equally stable in 
isolation or in an array. 74 
The initial slope of an L curve ('Langmuir') is concave to the x-axis. As more solute 
is adsorbed onto the surface, fewer sites are available for approaching solute 
















type of curvature suggests that either the solute molecules adsorb horizontally 
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(Figure 1.24) or if molecules adsorb vertically there is little interaction between 
them, or is indicative of little solvent competition. 70 
The H curve ('high affinity') is similar to the L curve, although the initial part of the 
plot is vertical. This arises when solute molecules have a very high affinity for the, 
surface causing them to be completely adsorbed at low concentrations. 70 An example 
would be the exchange between sulfonated dye ions and chloride ions on the surface 
of alumina, as chloride ions have a much lower affinity for the surface. 72,75 
In a C curve ('constant partition'), the initial part of the plot is linear due to a 
separation of the solute between the solution and the substrate up to the maximum 
adsorption. At this point, the curve abruptly reaches a horizontal plateau. An example 
of this type of system would be the adsorption of a solute from two immiscible 
solvents. 72  Conditions that favour this type of curve are a porous substrate with 
flexible molecules and a solute with a higher affinity for the substrate than the 
solvent. 70 
1.5.2 Interpretation of isotherms 
The Langmuir isotherm model (Figure 1.25) is frequently used to interpret 
adsorption isotherms. It is assumed that the adsorption sites, S, on the surface of a 
solid (adsorbent) become occupied by an adsorbate, A, from solution, and therefore a 
1:1 stoichiometry is observed. SA is the resulting interaction between an adsorbate 
and a surface site (units are mol dm -3
). 76  The isotherm model also assumes that the 
surface is uniform so all available binding sites are equivalent and there is no 
cooperative association between an approaching adsorbate and neighbouring sites. 71 
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KSd S 
The equilibrium between substrate and adsorbate is: • S +A - 	SA 
So, Kad s = 	
[SAl 
[S] [Al 
The maximum concentration of surface sites (ST)  is: 	[S r] = [5] + [SA] 
[A] 
Therefore, [SAl = 	
[5T] KSds 
1+ Kads [A] 
	
0 	 [SA] 
This equation can be rearranged to: Kads  [A] = 	 where, e = 
1-0 	 ISTI 
Figure 1.25 Derivation of the Langmuir Equation .76 
The maximum surface coverage, A and the equilibrium adsorption constant, K are 
obtained directly from the Langmuir adsorption isotherm, where y is the surface 
coverage, c is the residual concentration in solution and c = 1 mol dm-3 . 
= AK(c/c) 
1+K(c/c) 
Using the value for  (ST  in Figure 1.25), the required surface area per adsorbate can 
be calculated if the surface area of the substrate is known. 
Required surface area 
per molecule 	= 
Surface area of substrate 
A 
The Langmuir model has a number of limitations. Primarily, the model assumes that 
full monolayer coverage of the surface with the adsorbate will occur. The model is 
also difficult to apply when there is more than one competing adsorbate in solution 
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or when the adsorbate has two or more competing binding modes. Further equations 
have been derived and applied in the thesis but are not discussed here. 73' 76 
1.6 ICP-OES 
The method of analysis used in this thesis to determine the residual concentration of 
a ligand in the solution phase after an adsorption isotherm experiment is Inductively 
Coupled Plasma Optical Emission Spectroscopy (ICP-OES). This technique uses a 
high-temperature (ca. 6500 K) plasma to atomize samples, thus promoting them into 
higher electronic energy levels. The emission energy released by the excited atoms is 
recorded to give specific quantitative data on the elements present. 
77 
The emission lines and detection limits for the elements analysed in this thesis are 
given in Table 1.6. 
Element Ionic emission line Detection limit (pg/mi) 
Aluminium Al 396.153 0.006 
Arsenic As 188.979 0.005 
Cobalt Co 228.616 0.001 
Iron Fe 238.204 0.001 
Phosphorus P_213.617 0.03 
Table 1.6 ICP-OES emission lines and detection limits for the elements analysed in this 
study.78 
The development of methodologies for determining isotherms for the different 
combinations of substrates and adsorbates are described in the following chapters. 
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2.1 Introduction 
2.1.1 Outline 
A systematic investigation of the strength of binding and the passivating ability of a 
series of benign organic ligands with functional groups that bind strongly to lightly 
oxidized Al surfaces is explored in this chapter. Background relating to the scientific 
topic is given below. 
2.1.2 Background 
As part of a programme at the University of Edinburgh to design benign organic 
ligands containing functional groups which bind very strongly to lightly oxidized 
metal surfaces in order to modify surface properties in a controlled manner, e.g. as 
corrosion inhibitors for mild steel in waterborne coatings,' the design of surface 
passivating ligands for aluminium has recently been considered. Al-flake is widely 
used as a pigment to provide a metallic lustre in paints, particularly for automobiles. 2 
The move to replace solvent-based paints with waterborne coatings presents a 
technical problem in generating stable dispersions of Al-flake because this reacts 
with water. The formation of aluminium trihydroxide [Al(OH)3] has a deleterious 
effect on the appearance of the reflective surface. A further requirement for a 
metallic waterborne coating is low hydrogen gas generation. 3 
Passivation treatments to preserve flake reflectivity and prevent 1 ­12-evolution have 
involved chromating, 4 ' but concerns over the carcinogenic properties 
6, 7 of Cr(V) 
and Cr(VI) have provided an incentive for the development of environmentally 
benign alternatives. 
2.1.3 Paint and its components 
Paints have been used for many centuries and date back as far as 25,000 years ago to 
cave paintings found in Europe. 8  The Bible describes pitch (a dark sticky substance 
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obtained from tar) being used to coat and protect Noah's Ark, and over 10,000 years 
ago, coloured substances from minerals and metals such as lime, silica, copper, iron 
oxides and chalk were found in the Middle East. 8 
Paint is a widely used material in both the home and industry and its broad use 
comes from its dual ability to not only improve appearance and decoration but also 
its capability to protect the surface to which it is applied. Paints are made from 
powders and liquids. The powdered material is pigmented to supply colour to the 
medium and the liquid phase contains the binder, solvent and additives such as 
dispersion agents required for the particular application. 
Binders and resins vary from latex emulsions based on acrylic and vinyl acetate to 
styrene polymer and copolymer systems. 8 Solvents allow the binder to remain in 
solution, maintain the correct consistency and are chosen by physical properties such 
as evaporation rate. Organic or inorganic pigments are used, the most popular being 
titanium dioxide (TiO2) due to its remarkable brightness! Thickeners, pigment 
dispersants, surfactants, defoamers and preservatives are additives that might be 
included in the composition of paints to suit a specific application. For example, 
coatings on the structures of steel towers and bridges have an additional flaky 
pigment, 'micaceous iron oxide', (a natural mineral of chemical composition Fe2O3) 
which is used to provide corrosion protection of metallic structures exposed to highly 
aggressive environments.9' 10 The incorporated iron flakes lie parallel to the surface, 
thereby providing an additional layer for water or waterborne corrosive ions to 
permeate to reach the underlying steel structure. Similarly, 'micronised silica gel' is 
added to paint to reduce gloss and create a matte finish. Gloss is dependent on the 
reflection of light from the surface and additional silica particles create a permanent 
irregularity to the surface and block optical properties." Metallic paints are of most 
relevance to the work herein. They are much used in automobile production as they 
contain pigments which enhance the appearance of the vehicles giving them a lustre 
typical of shiny metal surfaces. 
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2.1.4 Metallic paints 
In metallic paints, aluminium or bronze flake pigments are used to give the metallic 
sheen. They have been used for many years in the automobile industry (Figure 2.1) 
because the exterior appearance of cars has a significant influence on the marketing. 
Figure 2.1 Metallic paints used on cars. 12 
Aluminium pigments are dispersed throughout the paint and light is reflected from 
the flake, giving rise to the desired optical effect. To obtain optimum reflection, the 
flakes need to be aligned parallel to the surface (Figure 2.2). If the flakes are 
unevenly orientated, the diffuse scattering of light is increased and the metallic effect 
is lost. 13 
Specular reflection 
Flakes parallel 
to the surface 	 - 
Increase in diffuse 	 Light scattered 
reflection - loss of 2"Waii 
metallic effect 
Figure 2.2 Reflection in metallic paints. 
A company in Germany. Badische Anilin & Soda-Fabrik (BASF) has recently 
reported a novel variation of this technology, V aricrom lV Magic Purple" a two-tone 
paint where the colour observed is dependent on the angle of viewing. 
14  There are 
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two types of pigment used within the paint, metallic and interference, one 
responsible for changes in brightness and the other changes in colour. Iron flakes are 
surrounded by three different components which, when combined, give three 
reflections creating an overlapping effect to produce different colours (Figure 2.3).2 
TI'! 
Figure 2.3 Two-tone paints BASF Variocrom ®14 
Paint colour varies from purple to orange to golden. 
With a growing demand for metallic finishes for cars, companies such as Silberline® 
have developed pigments to produce brighter and more dazzling colours. A Sparkle 
Silver® (SS) series of aluminium pigments uses polished aluminium flakes (Figure 
2.4) for brighter appearance and better polychromatic effects. 
12 
Figure 2.4 Aluminium flakes. 12 
Aluminium flakes used commercially are typically 0.1-1 pm thick and 7-45 lim in 
length. High purity aluminium is fed into a ball mill with mineral spirits and fatty 





• Organic solvents 
• Solids 
65% 





Organic solvents 	Solids 	Water 
Chapter 2: Phosphonic acids on Al surfaces 
into tiny flakes and the mineral spirits help to prevent cold welding of the flakes and 
maintain a wet slurry. The fatty acids form a thin layer on the surface which assists 
with the wetting of the flake at a later stage in paint manufacture. After the ball mill, 
oversized flakes are separated from the bulk mixture and excess solvent is removed. 
The slurry is homogenised to form a paste and modified to meet the specification of 
the consumer. The resulting volatile solvent content is Ca. 26-38 
%•2 
Dispersants are of significant importance in the final paint composition as they 
prevent agglomeration of the flakes, which can lead to seeding, precipitation and 
degradation. 15 Passivating agents are also required to prevent surface oxidation when 
in contact with aqueous solutions. 
2.1.5 Environmental issues 
Many currently used paints are solvent-based as fast evaporation is needed to ensure 
quick drying. Environmental concerns provide a strong driving force to replace 
solvent-based with water-borne systems to reduce the emission of organic solvents 
during application.' 6. 17 Legislation in the US under the Clean Air Act 
18  restricts 
certain types of solvent, HAPs (Hazardous Air Pollutants), and has set regulations to 
lower the VOC (Volatile Organic Compounds) content in all paints. The typical 
composition of conventional solvent-based paints is compared with water-based 














Organic solvents 	Solids 	Water 
Figure 2.5 Composition of paints. 
14 
(Solids include binders, pigments, special effect substances and additives) 
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Problems arise with the use of water-based metallic paints. In aqueous media, the 
oxidation of aluminium flake leads to the formation of aluminium trihydroxide 
[Al(OH)3} which has a deleterious effect on the appearance by removing the 
reflective surface (Figure 2.6). 
Figure 2.6 Oxidation of Al-flake produces white aluminium trihydroxide. 
Hydrogen is also produced in this process and studies have shown that moisture 
levels in excess of 0.15 % in the paint, can generate sufficient gas to bulge or pop the 
end of the can. 3, 12 
2A1 + 6H20 	 2Al(OH) + 3H2 
In order to prevent flake degradation and a pressure build-up, a passivating agent is 
added. Effective passivating agents currently in use involve chromate treatments' but 
legal restrictions have forced their replacement. 
2.1.6 Chromating treatments and replacement 
Traditionally, the most effective treatments for aluminium have involved chromating 
processes. The aerospace industries in particular, exploit this chemistry in the 
manufacture of aircraft structural components by forming a chemical layer on the 
surface of Al panels to assist with adhesion. 4 The three most common treatments are 
the Forest Products Laboratory process (FPL), the Boeing Phosphoric Acid Anodise 
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-400 A 
FPL 	 PAA 	 CAA 
Figure 2.7 Oxide structures of treated aluminium by FPL, PAA and CAA methods 
.4 
In the FPL process, aluminium panels are immersed in a solution containing 
Na2Cr2O7, H2SO4 and H20 (in a ratio 1:10:30) for 15-30 minutes at a temperature of 
68 QC. 19  This process reduces the thickness of the natural oxide layer but increases 
the roughness of the surface to allow improved interlocking with an adhesive layer. 
The oxide layer is 50 A thick and the protrusions 400 A high. 
The FAA process initially treats the Al panels by the FPL process described above. 
The paiiels are then anodised at 10 V for 25 minutes in an aqueous solution of 10 % 
by weight of 113PO4 at a temperature of 24 
oC.20  The surface oxide formed by PAA is 
thicker than by FPL and contains hollow hexagonal cells which further assists with 
the interlocking of an adhesive layer. The layer of oxide is now 3000 A thick and 
protrusions 1000 A high. Corrosion inhibition is significantly improved by this 
increased oxide layer. 
In the CAA process, aluminium panels are treated similarly as for the FPL process 
and then anodised at 49 V for 40 minutes in an aqueous solution of 5 % by weight of 
Cr03 at a temperature of 35 LC.21 The surface oxide by CAA is denser, smoother and 
much thicker (ca. 15000 A) which give much improved corrosion resistance. 
However, as the surface is smooth, it is no longer suitable for adhesive bonding as 
the interlocking protrusions have been lost. 
Chromates are also commonly used in welding, painting, metal finishes and wood 
treatments as they are cheaply produced and have a range of desirable properties. 
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Their ability to adsorb easily and irreversibly onto metal/oxide surfaces and their 
solubility in aqueous solutions, make them ideal passivating candidates. However, 
chromium waste disposal is troublesome and more importantly, Cr(VI) is highly 
toxic and a documented human carcinogen.7' 
22-24 
Due to the toxic nature of hexavalent chromium, government legislation passed by 
several acts in the US, the Clean Water Act 
25  and the Toxic Substances Control Act 26 
is currently used to regulate, chromate use and its emissions. The existing Permissible 
Exposure Limit (PEL) for water-soluble/insoluble Cr(VI) compounds 21  is 0.05 
mg/m3  and the Exposure Limit for chromic acid, chromates and chromyl chloride 
28  is 
0.001 mg/m3 . As of the l July 2006, the European Parliament has restricted the 
trading of new electrical/electronic equipment containing more than 0.1 % 
hexavalent chromium by weight in the EU market. 29 Both scientific evidence of the 
toxicity of Cr(VI) and tougher legislation now forces the replacement of such 
compounds by benign substitutes. Suggestions for alternative surface passivating 
treatments and those currently employed are described below, 
2.1.7 Alternative treatments 
An organic ligand could be used as an alternative to chromate. A ligand designed to 
bind strongly to oxides that form on the surface of aluminium when exposed to air, 
would require a number of essential characteristics. The design would need a "head 
group" tailored to bind strongly with a large number of ligand-to-surface interactions 
("multisite attachment") to optimise the thermodynamic stability of the complex.
]  
For example, the polynucleating complexes shown in Figure 2.8. 
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I 	I 	 HI 	 I 	H 
XH XH XH ,X 
+ 
	 M11 0 
I;l 	H 	1 	I 
I 
R 
II 	 I;1 
_X% 	,.X., _..X... 
+ 3H20 
(a) 	 (b) 
Figure 2.8 (a) Coordination of a polynucleating ligand to a metal oxide surface. (b) The 
possible equilibrium between the adsorption of ligand onto the surface and sequestration of 
metal ions into solution. 
In order to prevent the ligand sequestering metal atoms, transferring them into 
solution and thus degrading the surface, it is also necessary to minimise the chelating 
abilities of the ligand donor set. This might be achieved by incorporating a rigid 
framework to prevent adjacent donor atoms converging onto a single metal atom. 
Finally, the "tail" group would be modified depending on the application. For 
example, if the ligand were to be used as a corrosion inhibitor, bulky hydrophobic 
groups could be attached to provide a physical barrier to water or waterbome 
corrosive ions such as chloride reaching the surface. 
Alternative treatments presently applied to commercial aluminium pigments involve 
the adsorption of organic ligands, particularly phosphates, silicates or polymers, onto 
the metallic surface 30-33 or complete pigment encapsulation. 
34  The assessment of the 
effectiveness of various passivation agents on metallic pigments have focused on 
tests involving hydrogen evolution, 35-43 electrochemical methods' 
6, 44 and corrosion 
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studies. 36, Lamer" has attempted to correlate binding strengths from molecular 
dynamics calculations with efficacy in passivation tests. 
2.1.8 Overview of the chapter 
A study on a range of mono- and di-phosphonic acids compared with two related 
carboxylic acids, shown in Figure 2.9, has been undertaken in this chapter. The 
strategy is based on that used in the development of water borne corrosion inhibitors 
for iron.' Investigations using iron(III) oxide showed that the strength of binding of 
organic ligands can be significantly enhanced by increasing the number of ligand-to-
surface interactions using polynucleating ligands which can also form H-bonds to the 
surface! Another study aimed at enhancing the wet fastness of waterborne dyes on 
aluminium oxyhydroxide treated papers has shown that phosphonate-functionalised 
dyes bind more strongly to aluminium trihydroxide than carboxylates and 
sulfonates. With this in mind, high surface area aluminium trihydroxide has been 
chosen as the model surface to compare experimentally determined binding strengths 
of phosphonic acids with the suppression of hydrogen evolution in passivation tests 
involving Al flake. 
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2.2 Preparation and characterisation of ligands 
The ligands discussed in this chapter are displayed in Figure 2.9. Full experimental 
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Figure 2.9 Mono- and di-phosphonic acids, 1-13, and two structurally related carboxylic 
acids 14 and 15 investigated as surface ligands. 
2.2.1 Preparation of ligand 1 
3-Oxo-3-phenylpropylphOsphoniC acid, 1, was prepared as the hemihydrate in three 
steps as outlined in Scheme 2.1. 
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()I---  (CH3) 2NH.HCI + H 1 H Conc. MCI, retlux in EtOH 
P(OC H 2C H 3) 3 
Retlux under N 2 
0 
Conc. HCI, 
ref lux f0f__L% _•__%%_%PO(OCHCH)  
1 
Scheme 2.1 Preparation of 3-oxo-3-phenylpropylphosphonic acid, 1. 
The initial step involved the conversion of acetophenone to the benzoylethyl-
dimethylamine hydrochloride, by an acid-catalysed Mannich reaction 
.47  Scheme 2.2 
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	 R' 	 NR2 R 	CH 2 	 H2CN 
enol 	 iminium ion 	 Mannich base 
= C6H 5 
R=Me 
Scheme 2.2 Mechanism of the acid-catalysed Mannich reaction.48  
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The Arbuzov reaction 49 was used to synthesise the 'y-ketophosphonate ester, using 
excess triethyl phosphate as both the reagent and solvent (Scheme 2.3). In the 
scheme below, the lone pair on the phosphorus atom attacks the benzoylethyl group 
of the tertiary amine, PhCOCH2CH2NMe2, to form a new P-C bond. Elimination of 
an ethyl group as dimethylethylamine forms a P=O bond, leaving the desired 




= Cl, Br, NMe2 . 
X 





Scheme 2.3 Mechanism of the Arbuzov reaction. 53 
Hydrolysis with concentrated hydrochloric acid generated the phosphonic acid, 1, as 
white crystalline rods. The overall yield for the three-step synthesis is 47 %. 
Elemental analysis is consistent with the crystalline product being a hemihydrate and 
the crystal structure 51 (Figure 2.10) supports this observation. 
Calculated for 1, C9H1104P 50.48 5.18 
Calculated for I, C 9H 1 104P.½H20 47.48 5.53 
Found 47.40 5.30 
Table 2.1 Elemental analysis of 1. 
Figure 2.10 Crystal structure 51 of 1 as a hemihydrate. 
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3Oxo-3-p-tolylpropylphOSPhOfliC acid, 2 was prepared in a similar fashion from 4- 
methylacetophenone by Dr D. Henderson at the University of Edinburgh .51 
2.2.2 Preparation of ligands 4 and 7 
The esters of ligands 4 and 7 were prepared by literature 52' 53  methods from 1-bromo-
3-phenylpropane and 1-chloro-4-phenylbutane, respectively by the Arbuzov reaction. 
Simple hydrolysis of the diethyl esters with hydrochloric acid was unsuccessful due 
to their sparing solubility in aqueous HCI. The addition of ethanol to improve 
solubility did not aid the reaction. Conversion to the corresponding acids was carried 
out using a modification of the method of Franz et al. 
 54  using bromotrimethylsilane 
(Scheme 2.4). 
P(OCH2CH3) 3 
retlux 48 h 4n1 
4n=1,X=Br 	 I 	
7 n=2 
7 n=2,X=CI I 
I i) Br(CH 3)3Si, DCM 






Scheme 2.4 Preparation of 3.phenylpropylphosphofliC acid, 4 and 4-phenylbutyiphosphonic 
acid, 7. 
Dealkylation of esters to the corresponding acids through the use of a 
halotrialkylsilane is well documented. 
 55 -58 The proposed mechanism first involves 
formation of a trimethylsilyl ester followed by hydrolysis (Scheme 2.5). This type of 
hydrolysis is particularly useful as it is performed under neutral conditions. 
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0 . 	 0 2 Br(Me)3S1 IIo—SiMe3 
RP 	 + 2 CH3CH2Br 
0—CH 2CH 3 	 O—SiMe3 




+ 2 (Me) 3S1OH 
4 R = C6H5(CH2)3 
7 R = C6H 5(CH2)4 
Scheme 2.5 Hydrolysis of the esters of 4 and 7 using bromotrimethylsi lane. 55 
4 and 7 were isolated as white crystals in overall yields of 30 and 54 %, respectively. 
Crystals of 7 suitable for X-ray crystallography were obtained through layering of 
hexane onto a DCM solution. 
The unit cell of 7 contains two crystallographically distinct molecules labelled A and 
B (Figure 2.11). Molecule B adopts a fairly linear conformation with the torsion 
angle C(6)-C(5)-C(4)-C(3) of 172°. By contrast, the aliphatic chain of molecule A is 
relatively bent with the torsion angle C(6)-C(5)-C(4)-C(3) of 63°. 
Figure 2.11 Structures of the two crystallographically independent molecules of 4 
phenylbutyiphosphonic acid, 7, in the solid state. 
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The phosphonic acid moieties in A and B are potentially double 11-bond donors and 
double, triple or tetra H-bond acceptors. Both form centrosymmetric dirners with 8-
membered doubly hydrogen-bonded rings reminiscent of those formed by carboxylic 
acids (Figure 2.12) with hydrogen bonds O(12B)-H ... O(11B) 1.799 A and 0(13A)- 
H ... O(11A) 1.777 A, respectively. These dimers are linked by additional hydrogen 
bonds O(12A)-H ... O(11B) 1.687 A and O(13B)-H ... O(11A) 1.705 A creating a two 
dimensional network of hydrogen-bonded sheets, shown schematically in Figure 
2.13. The polymeric structure displayed in Figure 2.14 illustrates that the 'tails' of 
sheets of molecules interlock to some degree with neighbouring sheets but there are 
no hydrogen bonds between the layers. 
A 




B 	 A  




1 0 1101 
o.Ho oMo 
B 	 A 
Figure 2.13 Schematic representation of the hydrogen-bonded chains formed by linking the 
dimers of A and B shown in Figure 2.11. 
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Crystallographic data and significant bond lengths and angles are given in the 
appendix. 
Figure 2.14 Crystal packing of 4-phenylbutyiphosphonic acid, 7. 
2.2.3 Preparation of ligand 5 
The literature method of Moedritizer et al. 
 59  was used to prepare 5 from benzylamine 
in one step (Scheme 2.6). The product was isolated as a white powder in a yield of 97 
VA 
Conc. HCI, H 3P03 	H 	 N 	P031-1 2 
Reflux 
Q~I~ 	 P031-1 2 
Scheme 2.6 Preparation of benzyl-phosphonornethyl-amino-methyl-PhOsPhOnic acid, 5. 
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2.2.4 Remaining ligands 
The remaining ligands in Figure 2.9 were supplied by other workers at the University 
of Edinburgh or by commercial suppliers (see Section 2.6.3). 
2.3 Analysis of surface binding by adsorption isotherms 
It was assumed that a necessary condition for a benign organic ligand to be able to 
replace chromating treatments must be an ability to bind strongly to lightly oxidised 
aluminium. Consequently, the binding of the ligands in. Figure 2.9 was evaluated on 
high surface area aluminium. trihydroxide (ATH). The pH was adjusted to 8.5 to 
mimic that in water-based paint formulations. The availability of the series of ligands 
shown in Figure 2.9 allowed a systematic investigation of the dependence of binding 
strength and surface coverage on the nature and numbers of the surface-ligating 
groups, the size and hydrophobicity of pendant groups and the incorporation of 
func'tionalities which allow secondary bonding between ligands and/or to the oxide 
surface. 
2.3.1 The influence of surface-ligating groups and additional secondary 
binding interactions 
The starting point of the investigation was the corrosion inhibitor for iron, 3-(4-
methylbenzoyl)-propionic acid, 14. This has been shown to bind effectively to iron 
(III) oxides' but was shown to bind only weakly to ATH under the conditions used 
here. 60  Other simple carboxylic acids such as 15 behaved similarly. In contrast, the 
analogous phosphonic acids 2 (see Section 2.3.3) and 4 give well defined isotherms 
(Figure 2.15), suggesting that the phosphonic acid group is a much better surface 
ligand for ATH than the carboxylic acid group, possibly as a consequence of the 
third oxygen atom being able to interact with the surface. Other research within the 
group using similar conditions and comparing adsorption isotherms of carboxylic 
and phosphonic acids, has defined the same trend. 
46 
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The presence of the 3-keto group in the carboxylic acid ligand 14 enhances the 
strength of binding to high surface-area goethite and gives improved performance as 
a corrosion inhibitor for iron in waterborne coatings relative to non-keto analogues 
such as 15. It has been proposed' that the keto group forms hydrogen bonds to 
hydroxyl groups or water on the iron oxide surface. Isotherms in Figure 2.15 
compare the binding of the 3-keto phosphonic acid 1 with the non-keto form 4. 
Visual inspection of low equilibrium concentrations (below 5 x 10 4 mol dm 3) reveal 
that the curves appear to have similar gradients, but the equilibrium adsorption 
constant for 1 [2000 ± 3001 is approximately double that of 4 [1200 ± 1501, (Table 
2.2), supporting the idea that the keto group enhances binding to ATH, and is 
consistent with the pattern observed earlier with 14 where an additional interaction is 
formed through the carbonyl moiety to the surface. Overall comparison of the 
equilibrium adsorption constants for the keto phosphoric acids 1-3 with their 'non-
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Figure 2.15 Isotherms comparing the binding to aluminium trihydroxide of the keto- 










(A 2 molecule")  
1 2000 (± 300) 7.6 (± 0.3) x 106 130 (± 5) 
2 2200 (± 250) 7.0 (± 0.2) x 10 6 140 (± 5) 
3 2800 (± 550) 4.9 (± 0.3) x 10 6 200 (± 12) 
4 1200 (± 150) 9.5 (± 0.4) x 10 6 110 (± 4) 
7 1400 (± 150) 10.0 (± 0.3) x 106 100 (± 3) 
Table 2.2 Adsorption isotherm data for ligands 1-4 and 7 (errors in parentheses). 
For definitions of K, surface coverage, required surface area and their determination see 
Section 1.5.2. 
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Figure 2.15 illustrates that the surface coverage of ligands 1 and 4 differ at higher 
equilibrium concentrations, suggesting that the 'tails' of the non-keto derivative 4 
pack more efficiently. The calculated monolayer coverage for 4 is significantly 
higher than for 1, estimated at 9.5 (± 0.4) x 10 6 cf. 7.6 (± 0.3) x 106  mol g 1 , giving 
required surface areas for 1 and 4 as 130 (± 5) and 110 (± 4) A2 , respectively. 
2.3.2 The nature of the length of the pendant group 
The effect of minor changes in the length of the pendant group in the ligand can also, 
be examined by comparing the isotherms shown in Figure 2.15. Incorporation of an 
additional methylene group e.g. 1 cf. 3 and 7 cf. 4 makes very little difference to the 
illustrative strength of binding (Figure 2.15). A closer look at the data in Table 2.2 
suggests that 3 has a higher equilibrium adsorption constant than 1, [2800 ± 550] cf. 
[2000 ± 3001 but this must be interpreted with caution as the difference falls within 
the range of estimated errors. Ligand 3 also has a lower surface coverage than 1, 4.9 
X 106 cf. 7.6 x 10 6  mol g 1 , respectively and of the monophosphonic acids listed in 
Table 2.2, 3 has the largest surface area per molecule of phosphonic acid. This can be 
attributed to an ineffective packing on the surface. If there is an interaction between 
the keto group and the surface, when there is only one carbon bond between the keto 
group and the phosphonic head group, steric problems might result. 
2.3.3 The nature of the 'tail' group 
The isotherms for 1 and 2 (Figure 2.16) show very similar shapes and the data in 
Table 2.2 reflect this, particularly the minor difference in surface coverage, 7.6 x 106 
and 7.0 x 10 -6 mol g 1  for 1 and 2, respectively. This is consistent with thep-methyl 
substituent on the aromatic ring having no influence on the electronic properties of 
the 3-ketone propane phosphonate head group and having little influence on the 
packing efficiency of thep-tolyl cf with phenyl 'tail'. This mirrors the behaviour of 
the commercial corrosion inhibitor for iron, the tolyl containing compound Irgacor 
419, 14 and its phenyl analogue in uptake on high surface area goethite. 1 - 





Residual concentration (mol dm ) 
Figure 2.16 Isotherm comparison of 1 and 2 on ATH, pH 8.5, 25°C. 
2.3.4 The nature of hydrophobicity on surface binding interactions 
Major changes to the length of the hydrocarbon 'tails' of these ligands will also 
influence their hydrophobicity. The low solubility of the very long chain 
phosphonates 11 and 12 in water made it impossible to determine isotherms under 
the same conditions as those of the other compounds in Figure 2.9. The initial slopes 
of isotherms for propane and octane phosphonic acids, 9 and 10, suggest that the 
binding strengths are influenced to some degree by the hydrophobicity of the tail 
groups. This difference is reflected in the equilibrium binding constants, [5400 ± 
12001 and [3100 ± 3001 for 9 and 10, respectively (Table 2.3). The surface coverages 
differ considerably (Figure 2.17) and 10 is likely to experience stabilising 










Residual concentration (mol drn') 
Figure 2.17 Isotherm comparison of 9 and 10 on ATH, pH 8.5, 25°C. 
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Equilibrium 
Surface coverage 
Ligand adsorption constant 
(mel grn ') ('0  
9 5400(±1200) 5.1(±0.3)x10.6 
90 5300(±400) 20.0(±0.4)x10 .6 
10 3100(±300) 8.6(±0.4)x10 .6 
Table 2.3 Adsorption isotherm data for ligands 9 and 10 (errors in parentheses) 
Ligand 9 isotherm experiment run without pH adjustment (ca. pH 3.0, 25 °C). 
As might be expected, pH has a major influence on the surface binding equilibrium 
(see Figure 2.18). The double deprotonation of phosphonic acids 61,62  above pH Ca. 8 
is consistent with the surface loading of propylphosphonic acid, 9, falling to 
approximately a quarter of the value observed with no pH adjustment prior to 
isotherm analysis, (initial pH ca. 3.0), 20.0 (± 0.4) x 10.6  cf. 5.1 (± 0.3) x 106  mol g'. 
Similar pH trends have been observed in earlier research within the group. 
6' The 
similarity of the equilibrium adsorption constants, [5400 ± 12001 and [5300 ± 400] 
determined with and without pH adjustment of the ligand solutions, suggest that at 
very low ligand concentration (below 5 x 10 4 mol g 1 ), the pH is comparable after 
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Figure 2.18 The uptake of 9 on ATH,with and without pH adjustment 
(ca. pH 8.5 and 3), 25 00 
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If ligands are close packed on the surface, the theoretical area of each molecule can 
be estimated by assuming initially that the nuclei of the oxygen atoms of the head 
group (POt or P031f) lie on the circumference of a circle radius, r. Allowance will 
then need to be made for the van der Waals radii of the deprotonated oxygen atoms 
or likely contact radius for oxygen atoms forming 11-bonds (Figure 2.19). 
Figure 2.19 Schematic representation of the arrangement of hexagonal close packed P0 32 
or P0 3H units. In practice the radius of the packed disc will depend on the van der Wáals 
radii of anionic and protonated 0-atoms. 
The radius of this disc (r in a, Figure 2.20) can be calculated using trigonometry. The 
length of a P-C bond can be taken to be 1.57 A. 63 '" Using the sine rule, the 00 
distance (see b in Figure 2.20) is 2(1.57 sin109.5°/2) = 2.56 A. 
109.5 0 /2 
0 
1.57 A 







Figure 2.20 Using trigonometry to calculate the radius of a disc (C0 is the centroid). 
The radius defined by the nuclei of the oxygen atoms (c in Figure 2.20) is 
(2.56/2)/sin6o ° = 1.48 A. The diameter of the P03 2 disc is defined as twice the 
distance from the centroid (Ce) to the nucleus of an C atom, plus the van der Waals 
radius of oxygen, 1.40 A,65  see Figure 2.21, i.e. 2(r + rVdW) = 2(1.48 + 1.40) = 5.76 A. 
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Van der Waals 
radii of disc 
Radius defir 
oxygen nuci 
in der Waals 
radii of 0 
Theorectical diameter 
2(r + rVdW) 
Figure 2.21 Schematic representation of the radius of a POt disc. 
For primitive packing of P03 2  as in Figure 2.22, the area of the surface required per 
molecule is equal to the diameter of the disc squared, because each square shown 
contains four quarters of a molecule. Hence the area required per molecule is 5.76 2 = 
33.2 A2 . 
Figure 2.22 Schematic illustration of the arrangement of primitive close packing. 
For hexagonal close-packing (Figure 2.19), the surface area required per molecule is 
equal to twice the area of the equilateral triangle shown [(½ x base) x height], 
because each triangle contains 3 x 1/6 of a molecule. Hence the surface area required 
per molecule is 2E(½ x 5.76) x (5.76 sin600)I = 28.7 A2 . 
These theoretical areas can be compared with those determined experimentally by 
adsorption isotherms. The specific surface area for the ATH was determined by BET 
methods 66  to be 6.0 m2 g'. If the isotherm for 9 (without pH adjustment prior to 
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analysis, ca. pH 3.0) is fitted by the Langmuir equation, the uptake is 20.0 (± 0.4) x 
10 6 mo1 g 1 . 
As one gram of ATH has a surface area of 6.0 m 2 the saturation surface coverage = 
20.0 (± 0.4) x 106  mol g'I 6.0 m2 g' = 3.33 (± 0.07) x 10.6  mol m 2. Multiplication 
by Avogadro's number gives (3.33 (± 0.07) x io) x (6.02 x 1023) = 20.1 (± 0.4) x 
10 17  molecules m 2 or 20.1 (± 0.4) x 1017 / 1020 = 20.1 (± 0.4) x 10 -3 molecules K2 . 
Thus the area required by a single molecule = 1 / 20.1 (± 0.4) x 10 3 = 48 (± 5) A2 . 
For the isotherm determined with solutions made up to pH 8.5, the observed surface 
coverage is significantly smaller, 5.1 (± 0.3) x 106  mol 
gd  (Table 2.3), and 
consequently the apparent area per adsorbed molecule is larger, 195 (± 9) A2 . 
For 'primitive packing', the surface occupancy is defined by the area of the square 
shown in Figure 2.22, the sides of which are 2 x radius of the touching discs. 
Consequently, the diameter of the discs is '148 (± 5) = 6.9 (± 0.4) A for uptake at pH 
3.0 and 14.0 (± 0.4) A at pH 8.5. For hexagonal close packing of the disc-shaped 
head groups (see Figure 2.19), on average a molecule requires twice the area of the 
triangle shown. Thus, for saturation at pH 3.0 the area of the triangle = 48 (± 5) I 2 = 
24 (± 2.5) A2 . As the area of the triangle = ½ x base x height = ½ x 2r x 2r sin60° = 
1.73 r2, r = '1[24 (± 2.5)11.731 = 2.83 (± 0.2) and thediameter = 7.4 (± 0.4) A. For the 
uptake at pH 8.5 the diameter of the disc representing the head group is 15.0 (± 0.4) 
A. 
Isotherm solution 
pH 3.0 	pH 8.5 
Experimentally determined' area (A2) taken 	48 (± 5) 	195 (± 9) 
up by a single molecule  
Apparentb diameter of head roup of 9 
- for primitive packing / A 	 6.9 (± 0.4) 	14.0 (± 0.4) 
- for hexagonal close-packing / A 	7.4 (± 0.4) 15.0 (± 0.4) 
Table 2.4 Dependence of surface coverage and calculated close-packed cross sections of 9 
on pH. ' 1  Based on Langmuir fitting of the isotherm (Table 2.3), see text. b Based on packing 
as illustrated in Figures 2.19 and 2.22, see text. 
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There are several interesting features associated with the data presented in Table 2.4. 
The diameters of the P03W or POt head groups calculated from the isotherm run 
with solutions at pH 3.0 assuming close packing [6.9 or 7.4 (± 0.4) A] are 
surprisingly similar to the value [5.8 A] predicted from bond lengths and van der 
Waals radii (see p  58). It is most unlikely that a high surface area metal oxide such as 
ATH will have planar surfaces to allow close packing of ligands. However, it is 
possible that during the equilibration period (120 mins) used in the isotherm 
determinations, substantial rearrangement of the surface takes place, effectively 
'recrystallising' the surface which is accessible to the phosphonate ligand. Given this 
assumption, it is reasonable that the observed apparent cross sections of the 
phosphonate head groups are greater than that calculated on the basis of models 
shown in Figures 2.20 and 2.21 which are based on the P-O bond length and the van 
der Waals radius of a neutral oxygen atom. In practice at low pH, a phosphonate 
group might be expected to be only singly deprotonated and packing will be more 
complicated and less symmetrical than in Figures 2.19 and 2.22 because optimization 
of P-0-H0-P hydrogen bonding contacts and increased P-OO-P repulsions 
will be involved. 
At the higher pH (ca. 8.5), it would be expected that the phosphonate groups will be 
in their dianionic form and electrostatic repulsion will increase P-00-P contact 
distances. The doubling of the apparent cross sections of phosphonate head groups at 
pH 8.5 (Table 2.4) is consistent with this prediction. However, again, the significance 
of this explanation must be tempered by noting that it is based on assumptions on 
ideality of surfaces. In practice, the effective pH of an aqueous phase close to a 
surface cannot be assumed to be the same as that in the bulk solution. Also charge 
neutrality across the interface must be taken into account. The simplest model for 
this at the higher pH would be to assume that the cations (Na t) of the base used in 
raising the pH of the isotherm solutions will be present close to the interface. Under 
these circumstances the closest contacts might take the form Na 4 0-P or P-
0Na0=P. Whilst this would account for the  significantly increased apparent 
diameter of the phosphonate ligands at higher pH, it draws attention to the difficulty 
in modelling surfaces and designing the head groups of surface ligands. Solvation 
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free energies of all components of the surface complex, including any charge-
balancing ions, must be taken into account in calculating the free energy of surface 
complex formation. 
2.3.5 Polyfunctional surface ligating groups 
A comparison of the isotherms of the monophosphonic acids listed in Figure 2.9 
shows them all to have relatively similar binding strengths to ATH. In contrast, the 
diphosphonic acids 5 and 6 bind more strongly, having significantly steeper 
isotherms at low ligand concentration, (Figure 2.23, Table 2.5). The attachment of 
both phosphonic acid groups in 5 is implied by saturation of the surface occurring at 
2.7 x 10 mol g 1  compared with 6-9 x 106  mol g' for the strongly binding 
monophosphonic acids. Of the monophosphonic acids, low surface saturation of less 
than 3.0 x 106  mol g 1  is seen only with phenylphosphonic acid, S which is likely to 
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Figure 2.23 Isotherm comparison of 1, 5 and 8 on ATH. pH 8.5, 25°C. 
Equilibrium adsorption Surface coverage 
Required surface 
Ligand constant (Mel g') 
area 
(A 2 molecule") 
1 2.0 (± 0.3) x 103 7.6 (± 0.3) x 10.6 130 (± 5) 
5a 5.9 (i3 7) x 2.7 (± 0.1) x 10 6 370 (± 10) 
3.3 (±_0.7)_x_10 2  
60 
1.3 (± 0.5) x 106 3.1 (± 0.3) x 10 .6 320 (± 27) 
9.1 (± 6.2)_x_102  
8 8.7 (± 2.2) x 10 3 2.8 (± 0.1) x 10 6 360 (± 16) 
Table 2.5 Adsorption isotherm data for ligands 1, 5, 6 and 8 (errors in parentheses). 
a  Ligands 5 and 6 require the double Langmuir equation to fit the data. Consequently, two 
equilibrium adsorption constants are quoted. 
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The data for the diphosphonic adds, 5 and 6 could only be fitted to a Langmuir 
isotherm using the double Langmuir equation, 
A I 
1 K 1 (c/c ° ) + K 2 (c/c °") 1 
y= 
L1+K 1 (c/c) 1+K 2 (c/c) 
where y is the surface coverage, c is the residual concentration in solution, c -"- =  1 
mol dm-3 and K1 and K2 are the adsorption constants for either two different binding 
modes or for formation of first and second layers (see later in Section 3.4.2). 
To assess the adsorption of ligands such as the diphosphonic acids which show steep 
initial slopes, it is helpful to use a logarithmic scale for the residual concentration 
(see Figure 2.24). When this is done, the systems for both 5 and 6 provide evidence 
for a second binding mode. Monolayer coverage is observed at 2.7 x 106  and 3.1 x 
10.6  mol g 1  for 5 and 6, respectively and a further incline reveals evidence of an 
additional binding interaction. At low ligand concentration, it is possible that the 
diphosphonic acids bind through both phosphonic acid head groups (bidentate) and at 
higher concentrations, the diphosphonic acid orientates itself to bind through a single 
phosphonic acid head group (monodentate) in order to pack more effectively on the 
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Figure 2.24 The uptake of 5 and 6 on ATH, pH 8.5, 25 00,  plotted on a logarithmic scale. 
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The equilibrium adsorption constants associated with 5 and 6 (Table 2.5) are much 
higher for the initial binding interactions [5.9 (± 3.7) x 105 ] and [1.3 (± 0.5) x 10 6], 
respectively and significantly weaker for the second interactions, supporting the 
proposition above (Figure 2.25). 
low concentration 
5 	 6 
high concentration 
Fiôure 2.25 Schematic represeptation of the bidentate and monodentate binding modes 
proposed for 5 and 6. An alternative explanation for two different binding constants could 
involve monodentate binding, between bidentate ligands at high ligand concentration. 
Intermolecular contacts between pendant phosphonic acids will be very significant in 
determining the efficiency of surface packing (discussed below). The strong binding 
of both the mono and diphosphonic acids encouraged the investigation of their 
efficiency as passivating agents for lightly oxidised aluminium metal surfaces. 
2.4 Passivation tests based on hydrogen evolution 
The passivating ability of ligands shown in Figure 2.9 was assessed by recording 
hydrogen evolution from aqueous solutions containing the potential passivating agent 
in contact with aluminium flake in the apparatus shown in Figure 2.35. The volume 
of hydrogen produced is directly proportional to the amount of water displaced. The 
composition of the aqueous medium (Figure 2.35) was chosen to mimic that of a 
waterbome paint and details of the nature of each component can be found in Section 
2.6.6. The passivating ability of each ligand was assessed by the time taken for 80 ml 
of water, the capacity of the central chamber, to be displaced by hydrogen from the 
reaction. The tests were run at 52 °C to accelerate the evolution of hydrogen and 
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allow data to be collected over a conveniently short time scale. When tests on ligand 
S were run at 52 °C and at 25 °C, 80 ml of water was displaced in 22.5 and 173 
hours, respectively. 
All the water was displaced in 64 minutes in a control experiment where the mixture 
contained no passivating agent (Figure 2.26). The corrosion inhibitor for iron, 
Irgacor 4198 ,  14 shows some passivation, increasing the time for total displacement 
of water to 95 minutes (Figure 2.26) and the comparable non-keto analogue, 15 was 









Figure 2.26 Hydrogen evolution for the control system and that containing 5, 14 and 15. 
Experiments were terminated when all the water in the central chamber (80 ml) was 
displaced (see also Figure 2.35). 
If the binding strength of the ligand to ATH were the key property for surface 
passivation it might be expected that the diphosphonic acids, 5 and 6, would be 
among the best passivators of the compounds listed in Table 2.6. However, 5 is only 
slightly more effective than 14; 200 minutes (3.3 hrs) were taken to displace 80 ml of 
water, comparable to results for 15. The other diphosphonic acid, 6, which shows a 
similar isotherm to 5, gives marginally better passivation (see Table 2.6). 
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Ligand 
Time to displace 





None 1.0  
1 34.3  
2 57.0  
3 19.5  
4 .96.3  
5 3.3  
6 5.2  
7 285.0  
8 225  




  10.0 
14 1.5  
15 3.9  
Sample Ab 0.9  
Sample Bb  7.5 
Table 2.6 Comparison o1 hydrogen-evolution for various ligands using the test shown 
schematically in Figure 2.35. 
"These systems showed no significant 1 ­1 2-evolution after 250 hrs (Figure 2.30). 
h  Commercial pre-passivated aluminium flake samples. 
Surprisingly some of the monophosphonic acids which bind more weakly to the 
surface of ATH are much more efficient passivators. Data for 1-3 and 8 are 
compared with the diphosphonic acid, S in Figure 2.27. The poor passivating ability 
of 5 might arise from kinetic lability of a thermodynamically stable surface complex. 
If only one arm of the diphosphonic acid is bound to the surface, as described earlier 
in the isotherm discussion (see Figure 2.25), the other would be free to form strong 
electrostatic bonds to a neighbouring molecule based on the zwitterion of an 
aminomethyl-phosphonic acid which would be expected to be present at pH Ca. 8.0 
(Figure 2.28). This would result in a thermodynamically stable complex on the 
surface, but is likely to be highly hydrated and could allow water molecules or 
waterborne reagent to reach the surface. Similarly for 6, there is evidence from the 
adsorption isotherm (Section 2.3.5) to suggest that the surface complex of the his- 
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phosphonic acid is kinetically labile as it appears to adopt a different binding mode at 










Figure 2.27 Hydrogen evolution for 1, 2, 3, 5 and 8. 
I 
H<: +..e POH --- - --  H.<. +_ 
Figure 2.28 Schematic representation of the possible binding motif of 5 to ATH at high 
ligand concentration. 
The keto phosphoric acid, 2 is a much better passivator than its carboxylic acid 
analogue 14 (Table 2.6). This is in accordance with the much stronger surface 
binding shown by the former (see Section 2.3.1). The keto phosphonic acid ligands 1 
and 2 differ only in the nature of the p-substituent on the benzene ring (H or CH3, 
respectively) and show similar binding strengths to ATH (Table 2.2). The more 
hydrophobic ligand, 2 is more effective in Al-passivation. 
Comparison of the passivation of Al-flake by ligands 1 and 4, which differ only in - 
the presence or absence of the keto group, indicates the latter performs significantly 
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better (Table 2.6). This is of particular interest as the adsorption isotherm of the keto 
analogue, 1, displayed a much higher equilibrium adsorption constant (Section 2.3.1) 
through increased ligand-to-surface interactions, but due to the hydrophilic nature of 
the carbonyl and its inability to pack as efficiently, it has a comparatively lower 
passivating effect. 
As might be expected, the hydrophobicity of the ligands and the efficiency of 
packing of the hydrophobic "tails" appears to be of importance in defining 
performance as passivators; Figure 2.29 demonstrates that the higher homologue, 7, 













Figure 2.29 Hydrogen evolution for 4 and 7. 
Ligands 10-12, with long hydrophobic alkyl chains, show the most efficient 
passivation (Figure 2.30); after 550 hours 10, 11 and 12 had liberated only 4.8, 7 and 
11 ml of water, respectively. Ligand 13, an alkyl diphosphonic acid, is a significantly 
better passivator than the aromatic diphosphonic acids S and 6, suggesting that 
hydrophobicity is more important than the binding strength with respect to 
passivation. Finally, propyiphosphonic acid, 9 with the shortest alkyl chain of the 
compounds tested, shows poor passivation. 










Figure 2.30 Hydrogen evolution for 9-13. 
The hydrogen evolution plots of phosphonic acids 1-9 follow similar patterns at 
different rates. Initially there is a variable period where little water (ca. 5-10 ml) is 
displaced, this is followed by a catastrophic event which is accompanied by a very 
steep incline in the plot. The time taken for the onset of this loss of passivating effect 
appears to depend on the hydrophobicity of the ligand. The phosphonic acids with 
long alkyl chains, 10-13 portray a very different trend. Over the first week (ca. 150 
hr), 5-10 ml of water was displaced gradually until a maximum was reached and no 
further water displacement was seen over a period of several weeks. This behaviour 
is consistent with it taking some time for a coherent monolayer to be formed. During 
this period, some water can reach the surface. Once a Langmuir film-type 
66 
arrangement has been formed (Figure 2.31) the surface will become very 
hydrophobic and a high activation energy will be associated with transport of a water 
molecule to the surface. 
Chapter 2: Phosphonic acids on Al surfaces 
.s . 
I 10 t water 
molecule 
Figure 2.31 An illustration of how the long alkyl chains 10-13 can effectively passivate the 
surface of Al-flake. 
The passivation shown by the phosphonic acids 1-13 in the model aqueous paint 
formulations defined in Figure 2.35 was compared with two commercial pre-
passivated samples incorporated into the test mixture in the absence of any 
phosphonic acid. Sample A, an aluminium flake pigment passivated with an 
unknown phosphorus containing compound, showed a very poor performance (see 
Figure 2.32) in the test, 80 ml of H2 was evolved as fast as in the negative control 
(Table 2.6). In contrast, Sample B, a silica encapsulated aluminium flake pigment, 










Figure 2.32 Hydrogen evolution for 10 compared with two commercial pre-passivated 
samples. 
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2.5 Summary and conclusions 
The ability of simple organic ligands to function as passivators for aluminium 
surfaces appears to depend on their ability to bind strongly to the oxidised surface. In 
line with previous work within the group 
46, the phosphonic acids in this research 
have shown to be much better ligating groups for aluminium oxide surfaces than 
carboxylic acids and consequently show a greater ability to protect Al-flake from 
oxidation in passivation tests. 
The various ligand motifs investigated, e.g. the length of the pendant group, the 
nature of the 'tail' group and the presence of functional groups to allow secondary 
binding to the surface, have revealed a series of interesting trends associated with 
surface binding and the extent to which a monolayer is formed. Increasing the chain 
length of the pendant group and the addition of substituents onto the aromatic 'tail' 
of the ligand (e.g. methyl group), had little effect on the strength of binding but 
considerably improved passivation. Secondary binding interactions through 
additional carbonyl groups improved the equilibrium adsorption constant but 
decreased the passivating ability of the ligand when compared to 'non-keto' 
analogues. 
The diphosphonic acids demonstrated much higher equilibrium adsorption constants 
over the monophosphonic acids, but when assessed in passivation tests their ability to 
protect the surface was poor in comparison. This could be attributed to their kinetic 
instability on the surface and tendency to shift to monodentate binding. 
Hydrophobicity proved to be the decisive factor in determining whether a ligand was 
a good passivator. Ligands with aliphatic pendant chains [2! (CH2)3] had higher 
surface coverages which consequently improved the passivation of Al-flake. The 
most efficient passivators were those with very long hydrophobic chains (10-13) and 
these performed as well as commercially treated Al-flake. 
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The work described above suggests that whilst high thermodynamic stability of 
surface complex formation is a necessary condition for good passivation it is not 
sufficient and the nature of the pendant group, particularly its hydrophobicity, is 
most important. This research demonstrates the ability of simple phosphonic acids to 
form protective monolayers which are both environmentally friendly in the use of 




Melting points were recorded on a Gallenkamp apparatus and are uncorrected. 
Elemental analysis for C, H and N content were obtained on a CE-440 elemental 
analyzer. 1 H, 13C and 31 P NMR spectra were recorded on Bruker AC 250 MHz and 
DPX Bruker 360 MHz instruments. Chemical shifts (6) are reported in parts per 
million (ppm) relative to residual solvent protons as internal standards. Fast atom 
bombardment (FAB) mass spectrometry was performed on a Kratos MS50TS 
machine using a 3-nitrobenzyl alcohol (NOBA) or thioglycerol matrix. Electrospray 
ionisation (Es) mass spectra were obtained on a Thermoquest LCQ spectrometer. JR 
spectra were recorded on a JASCO FT/IR-410 spectrometer as potassium bromide 
discs or Nujol mulls. Inductively coupled plasma optical emission spectroscopy 
(JCP-OES) analysis for Al and P were performed on either a Thermo Jarrell Ash 
IRIS JCP-OES or a Perkin Elmer Optima 5300 DV. Data was processed using the 
software programme,! WinLab32 for JCP-OES, version 3.0.0.0103, 2004. The 
measurement of pH was carried out using an ORION 410A pH meter using a 
Thermo TR/CW711/TB pH electrode. Curve fitting was performed using the 
programs Origin 6.1 © Microcal Software Inc and XMGR V4.1.2. 
2.6.2 Solvents and reagents 
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All commercially available materials were used as received from Aldrich, Lancaster 
or Fluka. Solvents were of analytical reagent grade, laboratory reagent grade or 
HPLC grade. High surface area "superfine Al(OH)3" was supplied by Alcan 
Chemicals. Aluminium flake was supplied by Eckart (STAPA Metallux R8754 paste, 
65 % Al by weight with 50 % of particles <20 Mm). Water was purified before use 
with a Milli-Q® water purification system. 
2.6.3 Ligand synthesis 
Phenylphosphonic acid, 8 and propyiphosphonic acid, 9 were obtained from Aldrich 
and 3-(4-methylbenzoyl)propionic acid (Irgacor 419 9, 14) and 4-p-tolyl-butyric acid, 
15 were supplied by Ciba Specialities. Ligands 10, 11 and 12 were provided by 
Sarah d'Arbeloff-Wilson from Rhodia Consumer Specialities Limited. 
3 was prepared by Dr D. Henderson 
51  in two steps67 from a-bromoacetophenone. Dr 
P. Lovatt68  used a literature preparation 
69,70 to convert a,a'-dichloro-m-xylene to the 
bis-phosphonic acid 6 and used the Moedritzer-Irani method 
59  to synthesise 13. 
3-Dimethylamino- I -phenyipropan- 1-one hydrochloride 
(Me) 2. HCI 
The preparation follows the method of Maxwell. 3 Concentrated hydrochloric acid (1 
ml) was added to a stirred solution of dimethylamine hydrochloride (19.8 g, 243 
mmol), paraformaldehyde (7.5 g, 249 mmol), acetophenone (21.6 ml) in ethanol (30 
ml) and heated at reflux (100 °C) for 2 h, filtered hot, diluted with acetone (150 ml) 
and left at 5 2C overnight. The precipitate was washed with acetone and dried in 
vacuo affording 3-dimethylamino-1-phenylpropan-1-One hydrochloride as white 
crystals. Yield (31.02 g, 81 %); m.p. 139-141 °C (lit. 
47, 11 156 °C). Found: C, 61.20; 
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H, 7.62; N, 6.44. CaIc. for C11H16NOCI: C, 61.82; H, 7.55; N, 6.55 %. 4 (CDCI3, 
250 MHz) 8.05 (m, 2H, Ar-H), 7.60 (m, 3H, Ar-H), 3.82 (t, 211, CH2), 3.61 (t, 2H, 
2.95 (s, 611, 2 x CH3). be (1320, 63 MHz) 200.46 (C=O), 135.62 (Ar C), 
134.94 (Ar CH), 129.31 (At 2CH), 128.60 (At 2CH), 53.16 (CH2N), 43.41 (2 x 
34.89 (CH2). MS (FAB, NOBA) m/z 178 (MH, 100 %). Vmax/Cflf 1 (KBr disc) 
2910-2938 (C-H), 1680 (C=O). 
3-Oxo-3-phenylpropylphOSphOflic acid diethyl ester 
J
7'L• _#•-% PO(OCH2CH3)2 
The preparation follows the method of Myers et al.49 3-Dimethylamino-1-
phenylpropan-1-one hydrochloride (20.0 g, 94 mmol) and triethyl phosphite (90.1 g, 
542 mmol) were heated at reflux (140 °C) for 4 It under N2. Excess triethyiphosphite 
was removed by distillation under reduced pressure (70 °C at 0.05 mmHg) and the 
resulting yellow oil was dried in vacuo for 6 h affording 3-oxo-3-
phenyipropyiphosphonic acid diethyl ester which was used without further 
purification in the preparation of 1. Yield (25.42 g, 95 %). 6 fl (CDCI3, 250 MHz) 
7.92 (m, 2H, Ar-H) 7.43 (m, 3H, Ar-H), 4.04 (m, 4H, 2 x OCH2), 2.45 (m, 2H, Cl?2), 
2.10 (m, 2H, Cl?2), 1.23 (m, oH, 2 x CH3). & (CDC13, 63 MHz) 197.31 (C=O), 
136.00 (Ar C), 133.11 (Ar CH), 128.21 (At 2CH), 127.93 (At 2CH), 61.51 (2 x 
OCH2), 40.11 (CH2), 31.50 (CH2), 16.13 (2 x C113). c (CDCI3, 101 MHz) 32.7. MS 
(FAB, NOBA) m/.z 271 (MW, 64%). Vmax/cm 1 2907-2981 (C-H), 1246 (P=O). 
3-Oxo-3-phenylpropylphosphOflic acid. 1hH20 (1) 
P03H2 
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Hydrolysis of the diethyl ester using the method of Myers et al. 49 3-Oxo-3-
phenylpropyl phosphonic acid diethyl ester (25.0 g, 93 mmol) and concentrated 
hydrochloric acid (177 ml) were heated at reflux for 4 h. Crystallisation was induced 
by the addition of distilled water (10 ml). The precipitate was filtered, washed with 
distilled water and dried in vacuo to leave 3-oxo-3-phenylpropylphosphonic acid as 
crystalline white rods. Yield (12.15 g, 61 %); m.p. 115-117 °C (lit. 49  123-124 °C). 
Found: C, 47.40; H, 5.30. CaIc. for C 9H 1 204 5P: C, 47.48; H, 5.53 %. 41 (1320, 250 
MHz) 8.01 (m, 2H, Ar-H), 7.78 (m, 1H, Ar-H), 7.69 (m, 2H, Ar-H), 3.45 (m, 211, 
CH2), 2.22 (m, 2H, CH2P). & (D20, 63 MHz) 203 (C0), 136.19 (Ar C), 134.47(Ar 
CH), 129.24 (Ar 2CH), 128.59 (Ar 2CH), 32.48 (CH2), 22.6 (CH2P). 4 , (D20, 101 
MHz) 30.74. MS (FAB, NOBA) ink 215 (MHt 100%). V../cm -1 (KBr disc) 2926 
(C-H), 2739 (0-11), 1684 (C=0), 1265 (P=0). 
3-Oxo-3-p-tolylpropylphOSphOflic acid (2) was prepared by Dr D. Henderson at the 
University of Edinburgh. 51 
P03H 2 
Re-crystallisation of the crude product from distilled water gave 3-oxo-3-p-
tolyipropyiphosphonic acid as pale yellow crystals, m.p. 157-159 °C. Found: C, 
52.60; H, 5.72. CaIc. for C 1 0H1304P: C, 52.64; H, 5.74 %. 41 (d6DMSO, 250 MHz): 
7.85 (d, 2H, Ar-H), 7.34 (d, 2H, Ar-H), 3.14 (m, 2H, CH2), 2.36 (s, 3H, Cl!3), 1.90 
(m, 2H, CH2P). & (d 6DMSO, 63 MHz): 197.66 (C=0), 143.46 (Ar C), 133.66 (Ar 
C), 129.18 (Ar 2CH), 127.82 (Ar 2CH), 31.76 (CH2), 22.77 (CH2P), 21.00 (CH3). 4, 
(d6DMSO, 101 MHz): 27.60. MS (FAB, NOBA) m/z 229 (MH, 99.2%). v../cm - 1  
(KBr disc) 2934 (C-H), 2740 (0-11), 1680s (C=0), 1251s (P=0). 
3-Phenylpropylphosphonic acid diethyl ester 
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j'PO(OCH 2CH3) 2 
Preparation of the diethyl ester of 4 was based on the methods of Lynch2  and Kagan 
et al. 53 1-Bromo-3-phenylpropane (26.19 g, 132 mmol) and triethylphosphite (96.92 
g, 583 mmol) were heated at reflux (140 °C) for 48 h under N2. Excess 
triethylphosphite was removed under reduced pressure (70 °C at 0.05 mmHg) to give 
crude 3-phenylpropylphosphonic acid diethyl ester as a colourless oil which was 
used without further purification in the preparation of 4. Yield (22.16 g, 66 %). 4 
(CDCI3, 250 MHz): 7.28 (m, 5H, Ar-H), 4.14 (m, 4H, 2 x OCH2), 2.76 (t, 2H, CH2), 
1.97 (m, 211, Cl!2), 1.79 (in, 2H, Cl!2), 1.39 (m, 6H, 2 x Cl!3). & (CDCI3, 63 MHz). 
141.34 (Ar C), 128.73 (Ar 4CH), 126.39 (Ar CH), 61.72 (2 x OCH2), 36.86 (CH2), 
26.47 (CH2), 24.41 (CH2), 16.82 (2 x CH3). 6p .  (CDCI3, 101 MHz): 33.03. MS (FAB, 
NOBA) m/z 257 (MHt 100 %). l'max/cm '  2871-2981 (C-H), izso (P=O). 
3-Phenyipropyiphosphonic acid (4) 
P0 3H2 
Hydrolysis of the diethyl ester using the method of Franz et al. 
54  3-
Phenyipropyiphosphonic acid diethyl ester (7.9 g, 31 mmol) was treated with an 
excess of bromotrimethylsilane (14.1 g, 92 mmol) in dichloromethane (20 ml) and 
stirred at room temperature for 12 h under N2. Excess bromotrimethylsilane was 
removed under reduced pressure and the resulting yellow oil was stirred with 
distilled water (20 ml) at room temperature for 24 h to induce hydrolysis. The white 
precipitate was filtered, washed with distilled water and dried in vacuo to leave 3-
phenylpropylphosphonic acid as white crystals. Yield (2.74 g, 45 %); m.p. 119-121 
°c (lit. 52' 122-125 °C). Found: C, 53.70; H, 6.50. Calc. for C9H1303P: C, 54.00; H, 
6.55 %. 4 (CDCI3, 250 MHz): 9.50 (bs, 2H, 2 x OH), 7.31 (m, 5H, Ar-H), 2.72 (t, 
2H, cH2), 1.91-1.70 (m, 4H, CH2CH2P). & (CDCI3, 63 MHz): 141.23 (Ar C), 
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128.88 (Ar 2CH), 128.82 (Ar 2CH), 126.49 (Ar CH), 36.75 (CH2), 26.26 (CH2), 
24.16 (CH2P). 4' (CDCI3, 101 MHz): 38.41. MS (FAB, NOBA) nz/z 201 (MH, 100 
%). v../cm -1  (KBr disc) 2944 (C-H), 2875 (0-H), 1251 (P=0). 
Benzylp.hosphonomethyI-amino-methyl-PhOSPhOfliC acid (5) 
KKN'PO H 2 
5 was synthesised according to the method of Moedritzer-Irani. 59 concentrated 
hydrochloric acid (50 ml) was added to an aqueous solution (50 ml) of benzylamine 
(53.5 g, 500 mmol) and phosphorus acid (20 g, 204 mmol). Formaldehyde (40 ml of 
a 37 % w/w aqueous solution, 559 mmol) was added dropwise over 1 h and the 
reaction heated at reflux (100 °C) for 2 h. The solution was allowed to cool to room 
temperature and the precipitate was filtered, washed with distilled water and dried in 
vacuo to give benzyl-phosphonomethyl-amino-methyl-PhOsPhofliC acid as a white 
powder. Yield (58.91 g, 97 %); m.p. 239-240 °C (lit? 248 °C). Found: C, 36.77; H, 
5.04; N, 4.91. Calc. for C9H15N06p2: C, 36.62; H, 5.12; N, 4.75 %. 41 (D20 + 
Na2CO3, 250 MHz): 7.43 (m, 5H, Ar-H), 4.61 (s, 211, CH2N), 3.34 (d, 4H, 2 x 
CH2P). & (1320 + NaOH, 63 MHz): 131.80 (Ar 2CH), 130.65 (Ar CH), 129.73 (Ar 
2CTh, 129.53 (Ar C), 60.52 (CH2N), 52.31 (CH2P), 50.15 (CH2P). 4, (D20 + 
Na2CO3, 101 MHz): 8.17. MS (ES, MeOH/CH3CN/DMF) nv'z 295 (M, 95 %). 
V../cm-1 (Nujol mull) 2727 (0-H), 1230 (P=0). 
4-Phenylbutylphosphonic acid diethyl ester 
0"~ ~ 
PO(OCH2CH3)2 
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Preparation of the diethyl ester of 7 was based on the methods of Lynch 52  and Kagan 
at al. 53 1-Chloro-4-phenylbutane (5.9 g, 35 mmol) and triethyiphosphite (25.9 g, 156 
mmol) were heated at reflux (140 °C) for 48 hunder N2. Excess triethylphosphite 
was removed under reduced pressure (70 °C at 0.05 mmHg) to give crude 4-
phenylbutyiphosphonic acid diethyl ester as a colourless oil which was used without 
further purification in the preparation of 7. Yield (7.59 g, 80 %). 4 (cDC13, 250 
MHz) 7.42 (m, 511, Ar-H), 4.30 (m, 411, OCH2), 2.86 (m, 2H, Cl!2), 1.93 (m, 6H, 
Cl?2), 1.53 (m, 6H, 2 x Cl?3). & (cDCI3, 63 MHz) 142.15 (Ar C), 128.68 (Ar 4CH), 
126.19 (At CH), 63.92 (2 x OCH2), 45.19 (CH2), 35.40 (CU2), 32.39 (CH2), 28.88 
(CH2), 16.72 (2 x C113). 4, (CDC13, 101 MHz) 33.20. MS (FAB, NOBA) m/z 271 
(MH, 100 %). v../cm-1 2861-3026 (C-H), 1262 (P=O). 
4-Phenylbutyiphosphonic acid (7) 
Hydrolysis of the diethyl ester using the method of Franz • et al.54 4-
Phenylbutylphosphonic acid diethyl ester (7.1 g, 26 mmol) was treated with an 
excess of bromotrimethylsilane (12.1 g, 79 mmol) in dichloromethane (20 ml) and 
stirred at room temperature for 12 h. Excess bromotrimethylsilane was removed 
under reduced pressure and the resulting yellow oil was stirred with distilled water 
(20 ml) at room temperature for 24 h to induce hydrolysis. The white precipitate was 
filtered, washed with distilled water and dried in vacua to leave 4- 
phenylbuçylphosphonic acid as white crystals suitable for X-ray crystallography. 
Yield (3.80 g, 68 %); m.p. 92-93 °C (lit. 72  95 °C). Found: C, 56.60; H, 7.36 %. CaIc. 
for C10H1503P: C, 56.07; H, 7.06 %. 41 (CDCI3, 250 MHz): 10.53 (s, 2H, 2 x OH), 
7.38 (m, 5H, Ar-H), 2.80 (m, 2H, c!?2), 2.06-1.88 (m, oH, cH2cH2cH2P). & 
(cDc13, 63 MHz): 141.80 (Ar C), 128.23 (At 4CH), 125.70 (At CH), 32.19 (ci, 
CH2Ph), 26.13 (CH2), 23.81 (CH2), 21.73 (CH2P). 4, (CDc13, 101 MHz): 38.51. MS 
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(FAB, THIOG) m/z 215 (MW, 100 %). 'vm ax/cni' (KBr disc) 2938 (C-H), 2869 (0-
II), 1252 (P=O). 
2.6.4 Adsorption isotherm measurements 
Aqueous stock solutions (ca. 5 x 10-3 mol dm 3) of each of the ligands were made up 
accurately after the pH had been adjusted to Ca. 8.5 by addition of sodium hydroxide. 
Accurately pre-weighed quantities of Al(OH)3, ATH, (ca. 0.4 g) in polycarbonate 
centrifuge tubes were stirred with a solution of the ligand in water (10.0 ml, Table 
2.7) of known concentration for 2 hr at 25 °C. The mixtures were centrifuged, 
filtered under pressure (N2) through glass microfibre filter paper and the resulting 
supernatants were analysed for their elemental content (P and Al) by ICP-OES. 
Calibration standards were prepared by weight and the instrument was calibrated 
using 1, 10, 50, 100 and 170 ppm phosphorus solutions and 1 and 5 ppm aluminium 
solutions. Data gathered was processed by the software programme WinLab32 and 
concentrations (recorded in ppm) of the two spectral lines P_213.617 and 
A1396.153 were selected for use. 
Sample number Stock vol. (ml) Water vol. (ml) Total vol. (ml) 
1 0.1 9.9 10 
2 0.2 9.8 10 
3 0.4 9.6 10 
4 0.6 9.4 10 
5 0.8 9.2 10 
6 1 9 10 
7 2 8 10 
8 3 7 10 
9 4 6 10 
10 5 5 10 
11 6 4 10 
12 7 3 10 
13 8 2 10 
14 9 1 	1 10 
15 10 1 0 10 
Table 2.7 Solution preparation for isotherm determination with the relative amounts of the 
ligand stock solution (ca. 5 x 10 3 mol dm 3) and distilled water. 
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The measured phosphorus content defined the amount of the phosphonic acid 
remaining in solution and hence the amount adsorbed onto ATH could be calculated. 
The aluminium content was measured as a precaution to eliminate possible 
interferences; no significant levels (c 1 ppm) were detected in the aqueous phase 
after equilibration with ATH. The amount of phosphorus adsorbed (mol g') was 
plotted against the residual concentration in solution (mol dm -3) using Origin 6.1 and 
plots were subject to a non-linear curve fit (rectangular hyperbole or double 
rectangular hyperbole) from which the surface coverage and equilibrium adsorption 
constant were calculated. Equations can be found in the introduction (Section 1.5.2) 
and all data for adsorption isotherms is presented in the appendix. 
2.6.5 Systematic investigation to find a suitable method to determine 
adsorption isotherms 
A number of steps were taken to find the most suitable procedure to determine 
adsorption isotherms by ICP-OES. Initially the technique involved the preparation of 
two different stock solutions Ca. 5 x 10 3 and 5 x 10 4 mol dm 3 adjusted to pH 8.5. 
Preparation of both solutions with identical pH values was troublesome. As 
described in Section 2.3.4, pH has a major influence on the surface binding 
equilibrium and consequently initial adsorption isotherms displayed an inconsistency 




Residual conconimfion (rcol dm 
Figure 2.33 An isotherm demonstrating the gap between the lower 5 x 
10-4  mol dm 3 and 
upper 5 x 10 3 mol dm 3 points as a consequence of differences in pH. 
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To remove this problem, adsorption isotherms were determined by preparing one 
stock solution (5 x 10 3 mol dm 3) and the aliquots used in solution preparation for 
isotherms are shown in Table 2.7. 
A further problem arose with the arrival of a new ICP-OES machine as it became 
apparent that solutions of a concentration greater than 150 ppm were reading values 
lower than expected (Figure 2.34). Significant error was observed at these 
concentrations when the same solution was analysed more than once: -- 
i.e. Stock solution (5 x 10
-3 mol dm 3) run 1 159.0 ppm 
run 2 = 160.4 ppm 
run 3 = 154.8 ppm 
It became apparent that the calibration was deviating from linearity and to overcome 
this problem, the calibration range was widened and solutions greater than 150 ppm 
were diluted prior to analysis. 
lOx 
x 
5x10 4 	 5x103 
Figure 2.34 Schematic representation of the deviation in linearity of the calibration 
(concentrations> 150 ppm gave values lower than expected). 
Random errors associated with the determination of K, surface coverage and required 
surface area of each ligand, are specified with isotherm data (see parentheses, 
Chapters 2-5). Systematic errors are not accounted for. 
Component Mass (g) 
Water 90 
Butoxyethanol (butyl glycol) 10 
Synperonic NP8 2 
Aluminium Paste (65 wt %) 5 
Passivator 2 mmol 
Dimethylethanolamine (DMEA) Adjust to pH 8 
r displaced 




Chapter 2: Phosphonic acids on Al surfaces 
2.6.6 Passivatiort tests 
Hydrogen evolution measurements were carried out using Avecia standard 
procedures 73  using the glassware, shown in Figure 2.35. The round-bottomed flask 
containing the test mixture was immersed in a thermostated water bath (52 °C). The 
mixture was allowed to equilibrate for 1 It to allow surface complexation to occur as 
aluminium flake is often pre-treated with a thin layer of fatty acids such as oleic or 
stearic acid. ?, After 1 h the screw cap was closed. The volume of water displaced to 
the upper chamber was monitored regularly (total volume available to be displaced 
80 ml). 
Figure 2.35 The apparatus used to measure hydrogen evolution and the composition of a 
mixture used to represent an aqueous paint containing Al-flake. 
The aluminium flake sample, Eckart STAPA Metallux R8754 consists of 65 wt % of 
> 99.9 % pure aluminium and 35 % wt % of a hydrocarbon solvent. Butoxyethanol 
(butyl glycol) is a common organic co-solvent 36 which acts as an antifreeze in the 
presence of water to enhance the long-term package stability during storage. 8 Glycol 
solvents also help to give aqueous paints longer 'wet-edge', i.e. the length of time a 
paint stays wet after application. 8 Synperonic NP8 (a nonylphenol, Figure 2.36) is a 
non-ionic surfactant added to improve the wetting of the hydrophobic aluminium 
flake and dimethylethanolamine (DMIEA) is used to raise the pH to 8. DMEA is 
known to improve the stability of aqueous aluminium flake dispersions over other 
common bases such as triethylamine and ammonia '36  The amount of passivating 
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ligand (2 mmol) is added in substantial excess of the theoretical amount required to 
provide monolayer coverage of the aluminium flake. The estimated surface area of 
the aluminium flakes 36 using the BET method is 5 m 2  9 1  so the surface area of Al 
flake used in each experiment is 16.25 m 2 (5 g of aluminium paste with 65 wt % Al 
contains 3.25 g of aluminium flake). If! has a required surface area of 130 (± 5) A2 , 
2 mmol can potentially cover an area of 1570 (± 60) m 2 . 
- 	 n=8 
Figure 2.36 Synperonic NP8 (nonyl phenol octylethoxylate) . 74 
2.6.7 X-ray crystallography 
Structure 7 was determined by Dr. James Davidson at the University of Edinburgh. 
Selected crystal data for this structure are recorded in Table 2.8. Data were collected 
at 150 K on a Bruker Smart APEX CCD area detector equipped with an Oxford 
Cryosystems tow-temperature device. Reflections were scanned in ir and w mode. 
The stru&ure was solved by direct methods (SHELXTL) and completed and refined 
by interactive cycles of least squares refinement against F 2 . Refinement parameters, 
bond lengths, bond angles and the cif file can be found in the appendix. 
Structure 7 
Formula C 10H1503P 
M 214.19 
Crystal System Triclinic 








Crystal size/mm 0.54 x 0.21 x 0.07 
Dr/Mg m 3 1.293 
Z 	 - 4 
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Wmm' 0.230 
0 Limits/* 1.91-28.97 
No. of unique data 5138 
No. data with IF>4a(F)I 3812 
Ri 0.0571 
wR2 0.1258 
AQrnax, Ao ni i iJe A 3 0.586, -0.424 
Table 2.8 Selected crystal data for 7. 
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3.1 Introduction 
3.1.1 Outline 
This chapter discusses the design requirements to form rotaxane-like ternary 
complexes in which an inclusion complex of the dye in the cyclodextrin (CD) is 
tethered to an ATH or goethite surface through pendant phosphonic or arsonic 
groups (Figure 3.1). 
X= P, As 
R = OH, NH, NMe 2 
Figure 3.1 Schematic representation of a ternary (dye/CD/surface) complex. 
Background relating to the formation of ternary complexes and their potential use in 
ink-jet printing is given below. 
3.1.2 Background to ink-jet dyes 
The rapid development of digital cameras has been accompanied by technologies 
which give photorealistic images by ink-jet printing! High quality papers treated 
with oxides of alumina or silica, to improve the quality and durability of the print, 2 
and titanium dioxide, to increase brightness, 3 are necessary to achieve a quality 
comparable to that of a conventional silver halide print. Ink-jet technology has 
developed significantly since the age of typewriters and dot matrix printers. The 
development of drop-on-demand (DOD) ink-jet printing has provided high quality 
colour printing at a low cost with over 75 % of printers using this technology to 
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date.' DOD ink-jet methods can be divided into four main categories: thermal 
('Bubble Jet' - Canon, 'Desk Jet' - Hewlett Packard) and piezo electric ('Stylus' - 
Seiko Epson), while electrostatic and acoustic still remain in early stages of 
development. 4. Thermal and piezo electric printing, respectively use heat (ca. 300 
°C) or an oscillating piezo crystal to inject individual droplets of ink from a nozzle 
onto paper. A number of recent reviews discuss the development of these 
technologies in more detail .6-8 
Inks currently used for photographic quality prints are generally similar to those used 
on lower grade papers and it is important to establish whether their performance can 
be improved to meet the requirements of the 'higher grade papers. The most 
important properties demanded of a dye are its ability to resist smudging and 
streaking when in contact with water (wet fastness) and its ability to retain its colour 
without fading when subjected to intense light (light fastness). The dye also requires 
a high level of solubility in the aqueous ink mixture. 
3.1.3 Wet fastness 
Wet fastness is the degree to which a printed colour 'runs' when in contact with 
water and is a problem facing the manufacturers of ink-jet dyes. A dye requires high 
solubility in the water-based ink, but properties need to be completely reversed to 
form insoluble residues when printed onto paper.' The early. ink-jet dyes (Figure 3.2) 
had sulfonic acid tethering groups which gave very high solubilities but poor wet 
fastness. Many companies working in this line of chemistry have developed dyes that 
incorporate functional groups inherently stable in both their ionised and non-ionised 
forms to address these issues. Aqueous ink-jet inks are generally alkaline, pH 8-10, 
whereas the paper is usually more acidic, pH 
471  Carboxylic acid groups were 
introduced to replace sulfonic groups which sustained the level of solubility in their 
ionised forms, but improved water fastness in their non-ionised form. 
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Figure 3.2 Early ink-jet dyes (left - Cl Acid Yellow 23, right - Cl Black 2) 17 
Recent work at the University of Edinburgh 9 has developed this chemistry further to 
improve the wet fastness of water soluble azo-dyes by attaching surface ligating 
groups (e.g. -P03H2) that bind stronger to the oxides present in high quality papers. 
3.1.4 Light fastness 
Light fastness is a measure of a dye's ability to withstand exposure to light without 
undergoing degradation, also known asphotobleaching. Dyes with azo units (-N=N-) 
can undergo either photo-oxidation or photo-reduction processes depending on 
factors such as the substrate and atmospheric conditions, and substituents attached to 
the dye backbone can also increase or decrease the extent of photobleaching. Dyes 
with electron-withdrawing groups (e.g. Cl, CO2H, NO2) are more likely to fade as 
electron density is drawn from the azo linker, weakening the bond. Electron donating 
groups (e.g. OH, CH3) improve the light fastness as more electron density resides on 
the azo unit. 10  Oxidative and reductive pathways are shown in Figure 3.3. 
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R& 
Reductive degradation 	Oxidative degradation 
Substrate-H 	 H20 
substrate 
2 '€Y_N_N._c3': substrate 
R&NH , H 2 N 




N-N La + H 
Figure 3.3 Mechanisms of oxidative and reductive degradation. 1° 
In the reductive pathway, the dye abstracts a hydrogen atom from the surface to 
break the azo bond. As a result a hydroazo compound is formed that later splits to 
form aniline products. In the oxidative process, the photo-excited azo chromophore 
sees 'active' compounds such as water which react to break the azo unit to produce 
azoxy products.' °  The oxidative route can also involve singlet oxygen (102).  In the 
example below naphthaquinone is the product of the undesirable reaction (Figure 
3.4). A new approach to reduce the extent of photobleaching involves singlet oxygen 








K~ N 	C 
 
ocH, 
+ OH - 
cH, 	 CH, 	
CH, 
Figure 3.4 Oxidative degradation by singlet oxygen.1° 
Cellulose 
ace 
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Both pathways are degrading to the dye as the azo chromophore is essential to 
produce colour. Chromophores absorb ultra violet (UV) radiation which is shifted 
into the visible region by substituent functional groups (e.g. -S03H, OH) known as 
auxochromes (where, auxo = increased, chrome = colour). These stabilise resonance 
forms of the dye to increase conjugation and alter the resulting colour. 
3.1.5 Protection of the no group in an inclusion complex 
Hutchings et al.11  have recently reported that enclosing a chromophore inside the 
cavity of a cyclodextrin can greatly enhance their stability towards photobleaching. 
By using 'reactive' dye chemistry the authors successfully attached an encapsulated 
azo derivative to a fibrous cellulose surface to create a rotaxane-like structure 11 
(Figure 3.5). 
Figure 3.5 The proposed structure for the attachment of an encapsulated azo-dye to 
mercerized cotton.0 
3.1.6 Cyclodextrins and inclusion complexes 
Cyclodextrins (CDs) are naturally occurring, water soluble cyclic oligosaccharides 
that are built up of repeating glucopyranose units. a-, j3- and y-CD have 6, 7 and 8 
units, respectively and primary hydroxyl groups sit on the wider rim and secondary 
hydroxyl groups on the narrower rim (Figure 3.6). The cavity of CD is hydrophobic, 
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whilst the hydroxyl groups form a hydrophilic exterior giving high water solubility. 
Hydroxyl groups also allow functional isation of the CD exterior. 
12 
HO 	 Primary 
hydroxyl 
groups 







Figure 3.6 A single glucopyranose unit illustrating the hydroxyl groups and the structure of (3- 
cyclodextrin.13' 14 
The differing properties of a-, [3- and y-CD are shown in the table below. 
Parameter a 13 
Number of glucose units 6 7 8 
Molecular weight 972 1135 1297 
Cavity diameter (A) 4.7-5.3 6.0-6.5 7.5-8.3 
Height of torus (A) 7.9(±o.1) 7.9(±o.1) 7.9 (± 0.1) 
Diameter of outer periphery (A) 13.7 (±0.4) 15.3(±0.4) 16.9(±6.4) 
Approximate volume of cavity (A) 3 174 262 427 
Table 3.1 Parameters of a-, [3- and y-CD) 5 
The cyclodextrins' hollow, truncated conical shapes make them ideal candidates to 
encapsulate molecules within the cavity and recent reviews", 
16-18  have highlighted 
this phenomenon by evaluating their industrial applications. CD chemistry is a 
popular area of research due to their widespread availability at low cost and CDs are 
used in a wide range of different industries varying from the pharmaceutical, 
analytical and chemical to food, textile and cosmetic.' 
6-18 
In an aqueous solution the CD cavity is occupied by water molecules. This is 
unfavourable due to the polarity of the water molecules and apolarity of the cavity. 
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Consequently, water molecules are readily displaced by less polar guest molecules 
through the hydrophobic effect. A binary complex has non-covalent binding 
interactions between the guest and the host. Van der Waals forces exist between the 
hydrophobic moiety of the guest and the CD cavity and hydrogen bonds are formed 
between polar functional groups of the guest and hydroxyl groups on the rims of the 
CD. 15 
For a 1:1 binary complex, a thermodynamic equilibrium between the CD, the guest 
(G) and the inclusion complex (CD/G) ' 6  is summarised below: 
K 	 [CD/G1 
CD+G - 	 CD/G 
[CD] [0] 
The geometry of the accommodated species is also important and clearly a fine 
balance between the necessary components is crucial in (CD/G) formation. This 
particular equilibrium is studied experimentally in Section 3.4.3. 
3.1.7 'Reactive' dyes 
'Reactive' dyes are made up of a chromophore and a reactive 'group 19 and form a 
covalent bond with a fibrous surface e.g. cotton. The chemical bond allows them to 
have excellent wet fastness properties and bright colours prevail. Fibrous surfaces 
have hydroxyl, amino or thiol groups which act as nucleophiles and react with the 
electrophilic functional group of the 'reactive' part of the dye. 
20 
The first commercialised 'reactive' dyes for cotton were released by ICI in 1956 and 
contained a dichlorotriazine reactive group attached through an amino group to the 
dye; 20  these have since become widely used in the dye industry. 




Figure 3.7 Reactive dyes (trade name Procion) produced by Id. 20 
Hutchings et al. 1 ' used this reactive dye chemistry to attach an amine substituted dye 
to the surface of cellulose (Figure 3.5). 
3.1.8 Rotaxanes 
In its simplest form, a rotaxane is composed of a molecule (an 'axle') that is threaded 
through one or more host molecules (a macrocycle) where both ends are terminated 
by bulky end groups to prevent the host/guest complex falling apart 16  (Figure 3.8). 
The components are permanently joined together but not linked covalently. 21 
02N 	SO3Na 
+ 	 + 	 NO2 
02N 
H20 
Figure 3.8 Basic principle of rotaxane formation)6 
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Rotaxanes are identified by a nomenclature system, [n]rotaxane, where n is the total 
number of components present in the rotaxane, i.e. a F21rotaxane has one macrocycle 
and one axle. 
Rotaxanes and other similar supramolecular systems are widely studied and of great 
interest for the development of molecular shuttles. 22, 23 Anderson and co-workers 
24-26 
have extensively studied the formation of rotaxanes that encapsulate azo-dyes. In 
these examples, the 'axle' is an azo-dye, the macrocycle a cyclodextrin, and bulky 
naphthalene groups 'stopper' each end. Rotaxane encapsulation allows properties of 
the dye to be controlled.' 1 
Using a similar approach, recent research at the University of Edinburgh used a 
number of simple azo-dyes in conjunction with CDs to form 'rotaxane-like' 
complexes at the surface of alumina and silica-treated papers to enhance light and 
ozone fastness. 9, 27 The research in this chapter looks specifically at the criteria that 
are required to form these rotaxane-like complexes at the surface of aluminium and 
iron oxides, with particular focus on the binary (dye/CD) and (dye/surface) equilibria 
and formation of ternary (dye/CD/surface) complexes. 
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3.2 Preparation of azo-dyes 
The ligands discussed in this chapter are displayed in Figure 3.9. Full experimental 










P03H 2 	As03H2 
NMe2 	OH 
N0 	NON 	N0 







20 	21 	22 
Figure 3.9 Structures of azo-dyes, 17-22, and simple phosphonic acid derivatives, 2 and 8, 
investigated in this chapter. 
The azo (-N=N-) dyes can exist in two conformations, the (7)-isomer or the (E)-




Figure 3.10 The two isomers associated with the azo linkage. 
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3.2.1 Preparation of 4-aminophenyiphosphonic acid 
4-Aminophenyiphosphonic acid, 16, was prepared following a method developed at 
Avecia28  (Scheme 3.1). The Arbuzov reaction, assisted with a nickel chloride 
catalyst, was used to make the phosphonic acid diethyl ester. (The Arbuzov reaction 
mechanism can be found in Chapter 2, Scheme 2.3). Hydrolysis to 16 was easily 
achieved with concentrated hydrochloric acid to generate a white solid in an overall 
32 % yield. 
HN L 
NO, P(OCH 2CH3), 




c. HCI, reflux - 
P03H 2 
16 
Scheme 3.1 Preparation of 4-aminophenyiphosphonic acid, 16. 
3.2.2 'Diazotisation' in the synthesis of azo-dyes 
The dyes 17, 18, 21 and 22 were prepared using a modified method of Suh et al. 29 
from 4-aminophenylphosphonic acid, 4-aminophenylarsonic acid, sulfanilic acid and 
4-amino-i -naphthalenesulfonic acid, respectively (Scheme 3.2). 
OH 	 OH 	 OH 	OH 
NH2- 
I) NaNO, COflL HCI at 0 C 	 t Y 
- 	a) + Na2CO3 I MeOH / H20 	




17 X = P03H2 	 P0 3 H2 	AsO3 H 2 	SO3H 	S03H 
18 X=AsO3H, 
17 	 18 	 21 	 22 
21 X=S03H  
22 X = SOH (naphthalene ring) 
Scheme 3.2 Preparation of azo-dyes 17, 18, 21 and 22. 
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The synthesis of these dyes involves a diazotisation followed by a coupling reaction. 
Initially, nitrous acid (HONO) is formed from the reaction of aqueous sodium nitrite 
and hydrochloric acid (Scheme 3.3) and diazotisation of the arylamine forms an 
arenediazonium salt (Scheme 3.4), which is stable below 5 OC30 
HCI(aq) + NaNO 2(aq ) 
	 HONO(aq) + NaCI (aq) 
HO-N=O + H30+ 	H2 No + H20 	 2H20 + N=O 
Scheme 3.3 Formation of nitrous acid (HONO) and dissociation product (N=O). 30 
Azo compounds are formed when an arenediazonium ion reacts with the electron-
rich aromatic ring of phenols or arylamines. 31 The coupling reaction is performed 
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Scheme 3.4 Diazotisation mechanism to form an arenediazonium salt.30 
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LS at 0 
Scheme 3.5 Mechanism for the coupling reaction to form an azo dye .31 
3.3 Characterisation of azo-dyes 
3.3.1 Purity assessment by ICP-OES 
Dyes 17, 18, 21 and 22 were isolated in overall yields of 59, 62, 58 and 40 
respectively. 19 and 20 were obtained from Aldrich. Purification of 17, 18, 21 and 22 
was attempted by Soxhlet extraction. CHN analysis was not carried out due to the 
possibility of a mixture of the un-, mono- and diprotonated sodium salt forms of the 
dye being isolated from solution. 'H and 13C NMR confirmed that no other organic 
compounds were present in the sample and ICP-OES analysis for P, As or S could be 
used to establish the percentage of dye present in each sample (Table 3.2). 
Dye Element 
% content of 
respective element 
17 P 82% 
18 As 87% 
21 S 73% 
22 S 68% 
Table 3.2 Elemental content of dyes 17, 18, 20 and 21. 
Prior to adsorption isotherm analysis, the percentage content of the  respective 
element was made up to within 10 % of the desired value and the actual 
concentration of the stock solution was determined by ICP-OES. All investigations 
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were carried out on solutions at ca. pH 8, adjusted by the addition of sodium 
hydroxide or sodium carbonate. At this pH the phosphonic and arsonic acid groups 
are likely to be doubly deprotonated. 32 ' 33 
3.3.2 UV/Vis 
Dye 17 is yellow/orange in colour with a Xm at 359 nm, 18 and 19 are bright-orange 
with X mm at 364 and 387 run, respectively. 20 is bright red with X at 463 nm and 
21 and 22 are bright orange with A m at 365 and 407 nm, respectively. All 
absorption spectra were recorded in a phosphate buffer at pH 8. 
The structures of the arsonic acid dyes 18-20 differ only in their respective 'tail' 
groups, i.e. hydroxyl, amine and dimethylamine substituents and yet there are 
obvious differences in their absorption spectra (Figure 3.11), particularly the X m of 
18 and 20, differing by 100 nm. The 'tuning' of chromophores by altering the 
donor/acceptor properties of substituents para to the azo group is well known. 34,  
Conjugation within the amine and dimethylamine derivatives is increased through 
resonance (Scheme 3.6) and absorption is shifted to a longer wavelength. 
1.4 	 —Dye 18,?=364nm&429nm 
I — Dye 19.X,387nm 









350 	400 	450 	500 
Wavelength (nn - ) 
Figure 3.11 Absorption spectra of 18-20 comparing the differing 'tail' groups (-OH, -NH 2 and 
-NMe2, respectively) on phenylazophenylarsonic acid. 
Chapter 3: Ternary complex formation 
HNH 	 HN,H 
ce3 
As 	 As— - 
H0 j-0 H0 j 
OH 	 OH 
Scheme 3.6 Resonance structures of 19. 
Extinction coefficients and Xm for peaks in the visible spectra of dyes 17-22 are 
displayed in Table 3.3. Differences in the Xm between the two sulfonic acid dyes, 
21 and 22, can simply be attributed to the increased conjugation in the naphthalene 
group compared to the benzene group. The similarity of the Xm, of dyes 17, 18 and 
21 is expected as they differ only with regard td the 'head' group, P03H2, AsO3H2 
and S03H, respectively. 
Dye Amxl (nm) s (M' cm') X,,,a (nm) E2 (M 1 cm 1) 
17 359 15200 434 8600 
18 364 15600 429 12900 
19 387 17900 
20 463 26000 - - 
21 365 14100 432 12100 
22 407 14200 
Table 3.3 Extinction coefficients for dyes 17-22 in Na2HPO4INaF-1 2PO4 buffer at pH 8. 
Absorption bands of dyes 17-22 result from n*1r* and t—*r" electronic transitions. 
The n_*it* transition is typically responsible for providing intense colour, as these 
transitions occur in the region 400-800 nm (visible). 3t_*Jt* transitions occur in the 
near-UV (200-400 nm) and conjugation within the dye molecules reduce the energy 
gap between the HOMO (highest occupied molecular orbital) and the LUMO (lowest 
unoccupied molecular orbital) with a resulting bathochromic shift.. 
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3.3.3 NMR 
Dyes 17-22 were characterised by 'H and 13C NMR spectroscopy. Similar 
deshielding trends by electron-withdrawing groups (i.e. -OH, -N=N-) are observed in 
both the 'H and 13C NMR. 
The protons Ha,-di in 17 are chemically equivalent to respective protons Ha2-d2 
(Figure 3.12). Ha, is split into a doublet by the ortho proton, Hb1, with 3JHH  value of 
9 Hz, similar to the doublets in 18-21. A second doublet is observed for the Hd ] 
protons in dyes 18-21. However in 17, a multiplet is seen due to phosphorus coupling 
with this proton. Signals for the protons of the hydroxyl, amine, phosphonic, arsonic 
and sulphonic acid groups are not observed in fl  NMR. 
Figure 3.12 Chemically equivalent protons in dye 17. 
The assigned ' 3C NMR signals for dyes 17-21 are shown in Figure 3.13. Consistent 
trends are observed, with electron-withdrawing groups shifting the carbon signals (a- 
d) downfield. The nuclei of these carbon atoms are more deshielded as less electron 
density resides on them. 
k 	i 
g 	e 	 11X=P03H2,R=OH 
X-fjN\__!_ 18 X=AsO3H2,R=OH 
R 	19X=AsO3H2,R=NH, 
20 X = As03H2, A = NMe 
h f 	 21 X=SO3H.A=OH 
Dye/ 
shift 
a b c ii e&f g&h i&j k&l Me2 
17 173.91 142.00 152.90 141.09 120.12 126.42 121.08 131.68  
18 174.52 142.23 154.50 141.08 120.37 126.93 121.98 131.48  
19 152.21 144.55 153.87 141.35 115.77 125.68 122.25 131.34  
20 153.71 142.43 154.11 140.84 112.22 125.67 121.96 131.35 39.83 
21 174.94 142.07 154.58 142.56 120.29 127.08 127.08 122.15  
Figure 3.13 Carbon atom labelling scheme for the interpretation of 130  NMR of dyes 17-21. 
130 NMR signals (in ppm), assigned for 17-21 with the aid of Chemdraw 8.0 predictor. 
Charter 3: Ternary complex formation 
The 13C signal of carbon 'a' in 17, 18 and 21 is. more deshielded than in 19 and 20 
(Figure 3.13). This can be attributed to the greater electronegativity of oxygen 
compared to nitrogen (Np: 0 = 3.5, N = 3.0)36 leading to the hydroxyl substituent 
being more electron withdrawing and the difference in 13C Shift ca. 170 c.f. 150 ppm 
reflects this. 
The 13C NMR spectrum of 22 is more difficult to interpret as the carbons in the 
naphthalene ring are no longer chemically equivalent. The assigned shifts are shown 





 -41J-- n 
IM 
Signal Value in ppm Signal Value in ppm 
a 174.72  129.18 
b 143.05 k 128.33 
c 151.08 I & m 126.73 
d 138.09 n 125.33 
e&f 120.20 0 124.22 
g&h 127.25 p 110.67 
130.41  
Fiure 3.14 Carbon atom labelling scheme for the interpretation of 13C NMR of dye 22. 
3C NMR signals (in ppm), assigned for 22 with the aid of Chemdraw 8.0 predictor. 
3.3.4 IR 
The prominent absorption bands associated with 0-H, P0, S=0, N-H and C-N 
stretching and N-H bending modes of dyes 17-22 are shown in Table 3.4. 
IR vibration Wave numbers Dye 
JR vibration Wave numbers 
name 
(4) Dye  . 	name (cm) 
17 
0-H stretch 3470 20 C-N stretch 2790 
P=0 stretch 1247  
0-H stretch 3244 
18 0-H stretch 3103 21 S=0 stretch 1187 
N-H stretch 3410 
22  
0-H stretch 3435 
19 N-H bend 1592 S=0 stretch 1198 
Table 3.4 IR stretching frequencies of ligands 17-22. 
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3.4 Defining the criteria for ternary complex formation 
Formation of a ternary complex (dye/CD/surface) analogous to the rotaxane shown 
in Figure 3.5 is dependent on a number of conditions. The stability of the binary 
complexes (dye/surface and dye/CD) are of particular interest as they can be used to 
predict the formation of a ternary complex (Figure 3.15). Variations in UVIVis and 
NMR spectra of the dyes with increasing a-CD concentration were used to follow 
dye/CD complex formation in solution. Adsorption isotherms were used to study the 
dye/surface and dye/CD/surface complexes on aluminium trihydroxide (surface area 
6 m2 g) and goethite (surface area 22.65 m 2  9 1 ). The pH of solutions added to 
samples of ATH or goethite was adjusted to ca. 8.0 to mimic that in ink-jet dye 
formulations. The series of dyes in Figure 3.9 allowed the dependences of ternary 
complex formation on factors such as surface ligating groups, the substrate, the size 
of the encapsulated species and variations in the functionality of the 'tail' group. 
Hhi1 K1 ______ 	 ' 
+ 	
Ill o -o ____  
+ .... + 	')M( o0_M.., 
p-Cvclo 	













O 	 p-Cvclodextrin 
M 	M M 	P4 
	 Ternary complex Binary complex on 
the surface 
Figure 3.15 Schematic representation of the various equilibria associated with the formation 
of the ternary, rotaxane-like complex on high surface area metal oxides. 
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3.4.1 Binary dye/surface complexes on ATH 
It was assumed that a necessary condition for the formation of a stable ternary 
dye/CD/surface complex is that the ligating group on the dye should afford strong 
binding to the oxide surface. Previous studies at the University of Edinburgh have 
demonstrated that simple carboxylic and sulfonic acid dyes, analogous to 17 and 18, 
bind weakly to ATII. 9  The phosphonic and arsonic acid derivatives 17 and 18 show 
well defined isotherms (Figure 3.16) on high surface area aluminium trihydroxide, 
and at low ligand concentrations the curves have, similar gradients. The equilibrium 
adsorption constant for 18 11700 (± 300)1 is approximately double that of 17 [800 (± 
100)], (Table 3.5), suggesting the arsonic acid group binds more strongly to ATH. 
These values are based on curve-fitting using the Langmuir model (see Section 
1.5.2). 
Equilibrium 
. Surface coverage 
Required surface 
Ligand adsorption constant (I j') 
area 
(to (A 2 molecule") 
17 800 (± 100) 20.0 (± 0.8) x 10.6 50 (± 2) 
18 1700 (± 300) 14.0 (± 0.7) x 106 71 (±4) 
Table 3.5 Adsorption data for ligands 17 9 and 18 on ATH (errors in parentheses). 






Residual concentration (mol drn3) 
Figure 3.16 The uptake of 17 9 and 18 on high surface area ATH at pH 8, 25 °C. 
A comparison of the isotherms for arsonic dyes 18-20 on ATH, which vary only in 
the nature of the 'tail' group para to the azo unit (hydroxyl, amine and dimethyl 
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amine, respectively), reveals similar equilibrium adsorption constants, [1700 (± 300)] 
for 18 and [1800 (± 400)] for 19. The isotherm plots are discussed in detail in Section 
4.3. The viscosity of the more concentrated solutions of 20 prevented the recording 
of adsorption data over a sufficient concentration range to allow the isotherm to be 
defined and fitted (see Section 4.3.2). 
3.4.2 Binary dye/surface complexes on goethite 
Results on ATH were compared with the uptake on iron(III) oxide (goethite). This 
investigation began with the adsorption of simple phosphonic acids (2 and 8) onto 
goethite. Figure 3.17 illustrates that phosphonic acids have significantly steeper 
initial slopes on goethite and equilibrium adsorption constants in Table 3.6 reflect 












• 2 (Goethite) 
£ B (Goethite) 
• 2(ATH) 
* B(ATH) 
0.001 	0.002 	0.003 	0.004 	0.005 
Residual concentration (mol dm) 




Ligand adsorption constant 
. (mol g') 
area 
(K) (A 2 molecule - ')  
2 (Goethite) 
___________ 
3.3 (± 1.9) x io 
8.9 (± 2.2)_x_102 
10.0 (± 0.5) x 10 6  
____  
376(+-19) 
8 (Goethite) 2.0 (± 0.3) x 1 05 	 . 10.0 (± 0.2) x 10 .6 376 (± 8) 
2 (ATH) 2200 (± 250) 7.0 (± 0.2) x 10.6 140 (± 5) 
8 (ATH) 8700 (± 2200) 2.8 (± 0.1) x 10.6  1 	360 (± 16) 
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A double Langmuir isotherm (see Section 2.3.5 for equation) is required to fit the 
data of 2. A maximum is reached at ca. [10.0 (± 0.5) x 10.6]  and a further incline 
following this suggests either a second binding mode or multi-layering. Earlier 
adsorption studies on goethite with the analogous carboxylic acid 14 (discussed in 
Section 2.3.1), showed evidence of an interaction through the 3-keto group to the 
surface. This 3-keto binding interaction could be mirrored with the phosphonic acid, 
2 at lower concentrations. The difference in modes of binding is demonstrated more 
clearly, when the plots of 2 and 8 are displayed on a logarithmic scale (Figure 3.18). 
At lower concentrations, it is possible that 2 binds with this additional (3-keto) 
interaction but at higher concentrations, above ca. 5 x 10 4 mol dm 3, orientates itself 
to bind solely through the phosphonic head group in order to pack more efficiently 
on the surface. The higher equilibrium adsorption constants of the first binding mode 
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Figure 3.18 The uptake of 2 and 8 on goethite, pH 8, 25°C, plotted on a logarithmic scale. 
The phosphoric acid and arsonic acid dyes 17 and 18 also bind very strongly to 
goethite. Similarly, for such strong binding, it is helpful to present the isotherms with 
a logarithmic scale for the residual concentration (see Figure 3.19). When this is 
done the systems provide evidence for double (or multiple) layering. Once a coherent 
monolayer of 17 or 18 is formed it would-be possible for phenol groups of a second 
layer of dye molecules to interact with the array of phenolic OH groups terminating 
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the monolayer, shown schematically in Figure 3.20. Alternatively, the system is able 
to support multi-layering through a combination of electrostatic and hydrogen 
bonding between protonated hydroxyl 'tail' groups and deprotonated 
phosphonic/arsonic 'head' groups (b in Figure 3.20). 
The requirement of a H-bonding functionality in the 'tail' of the ligands to allow 
formation of a second (and third etc) layer is supported by the observation that 
phenyiphosphonic acid, 8, also gives an isotherm characteristic of very strong 
binding but shows no evidence for multi-layering and the surface coverage [10.0 (± 
0.2) x 10 6  mol g 1 1 corresponds closely to the value for the monolayer of 17 [9.9 (± 








Residual dye concentration, c (M) 
Figure 3.19 The uptake of 8 (o) and 17 (.) on goethite, plotted on a logarithmic scale 
at pH 8, 25 °C. 
Equilibrium Surface coverage 
Required surface 
Ligand adsorption constant area 
(A2  (to 
8 2.0 (± 0.3) x 105 10.0 (± 0.2) x 10.6 376 (± 8) 
17 
1.1 (± 0.2) x 106 
5.6(±_2.2)_x 102 _ 
9.9 (± 0.6) x 10 .6 380 (± 19) 
18 
1.6(±0.4)x106 10.0 (± 1.4) x 10 6 376 (± 52) 
1.2 (± 0.2) x io 
Table 3.7 Adsorption data for 8, 17 and 18 on goethite (errors in parentheses). 
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a 	 b 
Figure 3.20 Schematic representation of the multiple layering mechanisms for 17 and 18. 
'Double layering between the phenolic 'tail' substituents of dye molecules ('tail to tail' 
stacking) 	between protonated hydroxyl 'tail' groups and deprotonated 
phosphonic acid 'head' groups ('tail to head'stacking). 
The arsonic acid dye 18 has a slightly higher equilibrium adsorption constant than 
the phosphonic acid on goethite, consistent with the differences observed for 17 and 
18 on ATH (see Table 3.7). 
A comparison of dyes 18-20 on goethite, differing in the 'tail' group, (hydroxyl, 
amine and dimethyl amine, respectively) show some evidence of multi-layering 
when plotted on a logarithmic scale. Similar surface. coverages (ca. 10 x 10 -5 mol g') 
for monolayer coverage are observed (adsorption isotherm data are discussed in 
further detail in Section 4.3). 
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The strong attachment of phosphonic and arsonic acids to ATH and goethite 
suggested that dyes containing these tethering groups would be suitable for the 
assembly of ternary rotaxane-like complexes at the surface. The functionality of the 
'tail' group appears to have minor effects on binding strength in the first monolayer. 
3.4.3 Binary dye/CD complexes (UV/Vis) 
Another necessary condition for the formation of such rotaxane-like structures is that 
the dye should form stable inclusion complexes within the cavity of the cyclodextrin. 
A wide range of techniques has been applied to the study of the formation of such 
cyclodextrin complexes. 
16 
The incorporation of azo-dyes into the cavities of cyclodextrins is often accompanied 
by a significant change in wavelength of the chromophore 37 and consequently it is 
also possible to use variations in UVIVis spectra to monitor complex formation. 
Spectra are also dependent on pH and azo-dyes are known to aggregate in aqueous 
solutions with a resultant decrease in absorption and a departure from the Beer 
Lambert Law. 38  At the dye concentrations used in this study (3.5 x 10 5 mol dm 3 ) 
absorbances were found to vary linearly with concentrations. Using 3.5 x 10 5 mol 
dm-3  solutions at pH 8 in Na2HPO4INaH2PO4 buffer, variations in the extinction 
coefficient of major absorbance peaks were measured as a function of the 
concentration of added cyclodextrin. The absorbance spectra of 18 in the presence of 
a-CD are shown in Figure 3.21. 
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Figure 3.21 Absorbance spectra of 18(3.5 x 10 -5 mol dm 3 ) in the presence of increasing a- 
CD concentration 0 x 10,7  to 9 x 10-3  mol dm 3) in pH 8 buffer. 
It is assumed that the concentrations of dye ([dye]),  cyclodextrin ([CD]) and complex 
([CD-dye]) are sufficiently low for the respective activity coefficients to be assumed 
equal to unity. If the total dye concentration is denoted by [dye]0, the mole fraction of 
'free' (uncomplexed) dye molecules by Xfree,  and the total cyclodextrin concentration 
by [CD]0, then we have that [CD-dye] = [dye]o(1-fr) and [CD] = [CD]0 - [dye]0(1- 
Xrree). Inserting these relations into the mass-action law, where c = 1 mol dm 3 , 
K 
= [CD - dye]c 	 (1) 
[CD] [dye] 
and solving forxe yields 
_(1+KAHV(1+KA)2 +4K[dye]0/C° 
Xfree = 
	 2K [dye]0/C 	
(2) 
where A = ([CDL, - [dye]0)/c . The measured extinction coefficient of the dye at 
fixed wavelength 2 is a weighted sum of the free and complex extinction 
coefficients: 
8([CD]0 , 2) = x ee,e  (2) + (1 Xfree  )compiex (2) 	 (3) 
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Substituting equation (2) into (3) yields the dependence of the measured extinction 
coefficient on cyclodextrin concentration. 
Data for the a-cyclodextrin complex of 18 are shown in Figure 3.22. The resulting fit 
of extinction coefficients at increasing concentrations of CD gave values of K = 
13200 (± 1000), aree (429 nm) = 12900 (± 20) M 1 cm -1 and ompIex (429 nm) = 
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Figure 3.22 Variation of the absorption coefficient W at 429 nm of the dye/CD complex of 18 
(3.5 x 10-5 mol dm 3) at pH 8, with concentration of a-CD in phosphate buffer. 
Ligand X (nm) 
Equilibrium 
constant (K)  
/ M' cm 1 Ecompiex / M' cm1 
17 372 3000 (± 700) 12100 (± 100) 16000 (±200) 
18 429 13200 (± 1000) 12900 (±20) 14500 (±20) 
19 398 8600 (± 1000) 17300 (±40) 19400 (±40) 
20 463 15700 (±2500) 26100 (±40) 24700 (±40) 
21 418 1800(±60) 13350(±200) 16500(±200) 
Table 3.8 Equilibrium constants and extinction coefficients for the free dye and the inclusion 
complexes for dyes 17-21 in phosphate buffer (errors in parentheses). 
Table 3.8 shows extinction coefficients for free dye compared to complexed dye. In 
these experiments, once there is no further change in absorbance, we assume all the 
dye is in a complexed form and the extinction coefficient at this absorbance is given 
as ompIex The starting absorbance gives 6free•  In UVIVis analyses with dyes 17-19 
and 21, tzomplex is greater than aree  dye 20 displays the opposite trend. The absorption 
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spectra of 20 in the CD experiment is shown in Figure 3.23 and the resulting fit of 
the data is displayed in Figure 3.24. 
0.5 —1x10M 
lx 104 M 
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2 x 10' M 
0.4 4x10M ax to , M 
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Figure 3.23 Absorbance spectrum of 20 (1.75 x 10 5 mci dm -3) in the presence of increasing 
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Figure 3.24 Variation of the absorption coefficient (s) at 463 nm of the dye/CD complex of 20 
(1.75 x 10 5 mci dm 3) at pH 8, with concentration of a-CD in phosphate buffer. 
Formation constants for the para-substituted arsonic dyes 18-20 fall in the range 8.6 
- 15.7 x 103  and are significantly higher than the phosphonic and sulfonic acid, 17 
and 21 respectively, indicating an increased stability of the arsonic dye/CD 
complexes in solution. 
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3.4.4 Binary dye/CD complexes (NMR) 
NMR offers the possibility of defining the orientation of the guest in the cavity" 25 
and of measuring formation constants for the dye/CD complex. Such an assembly 
with azo dyes can lead to protection from photobleachingY" 14, 24 Previous 1D and 
2D NMR studies within the group have indicated the formation of 1:1 
dye/cyclodextrin complexes with K values comparable to those seen in UVfVis. 9 
Having established that simple ligands, 2 and 8 bind strongly to ATH (Section 2.3) 
and stronger still to goethite (Section 3.4.2) it is necessary to study the binary 
(ligand/CD) complex in solution (see .K,, Figure 3.15) using NMR techniques to 
predict whether ternary inclusion complexes of 2/CD and 8/CD would form at the 
surface. 
The 'H NMR spectra of phenyiphosphonic acid, 8, showed characteristic downfield 
shifts in the aromatic region, with increasing concentrations of CD (Figure 3.25). The 
observed shifts are consistent with increased shielding by the CD ring. 
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Figure 3.25 The measured 1 1-1 shifts for 8 and a-CD, showing the variation of resolution. 
Concentrations of CD added (mol dm 3) are noted on left, 8 fixed at 0.05 mol dm-3. 
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The spectra determined in Figure 3.25 proved too complicated to observe an assigned 
'H signal as the resolution declined above a CD concentration of 0.04 mol dm -3 . It is 
predicted that a complex six-spin system of AA'BB'CX is present and consequently 
it is impossible to follow an assigned peak quantitatively to calculate the equilibrium 
adsorption constant, K. In addition, shifts are observed beyond equimolar quantities 
of ligand:CD and suggest that inclusion complexes greater than 1:1 stoichiometry are 
present. 
The 13C NMR spectra from the experiments of 2 and 8 with CD were far simpler (see 
Table 3.9 for 13C chemical shifts). 
2/CD ex eriment  
CD concentration 0.025 0.051 0.075 0.01 0.125 0.15 
(mol dm-3) 
Selected peak in 2 = 128.97 (ppm) 129.06 129.12 129.15 129.17 129.19 129.19 
Shift with increasing CD _ 
8/CD experiment  
CD concentration 0.02 0.04 0.06 0.08 0.10 0.12 
(mol dm-3)  _______ 
Selected peak in 	= 130.77 (ppm) 129.23 - 129.12 129.08 129.02 129.03 
Shift with increasing CD  
Table 3.9 The measured 13C chemical shifts of a selected peak in 2 and 8 with varied 
concentrations of a-CD. Ligand concentration fixed at 0.05 mol dm 3 (see Section 3.6.6 for 
experimental details). 
The approach outlined earlier in Section 3.4.3 was used to extract the dye-
cyclodextrin complexation constant (K), the only difference is that equation (3) now 
reads: 
6([CD] 0 ) = xfree bfree  + (1- Xfi. e  ) 6coiex 
Assuming 1:1 (ligand:CD) complex formation, the resulting fit for the ' 3C data 
(Figure 3.26) gave values, K = [86.21 ± 17.751, 4ree = [128.97 ± 0.0031, 4omplex = 
[129.21 ± 0.0071 and K = [30.82 ± 4.721, t5fre, = [ 129.33 ± 0.031, ompIex = [ 128.90 ± 
0.13] for 2 and 8, respectively. 
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Figure 3.26 Variation of the chemical shift M of the 13C signal of 2 (o) and 8 (.) in D20 with 
a-CD concentration, pH 8, 25 °C. 
The equilibrium constants for the ligand/CD complexes of 2 [86.21 ± 17.75] and 8 
[30.82 ± 4.721, are more than one order of magnitude less than that measured for the 
phosphonic azo dye, 17, [2000 ± 1000I.9  The formation of much weaker binary 
complexes is as a consequence of their less favourable shape and size as guest 
molecules. An inclusion complex of 2 and CD will have considerable hydrophobic-
hydrophilic repulsion between the hydrophobic cavity of CD and hydrophilic P03 2 
groups in close proximity. With this in mind, 2 and 8 are unlikely to form stable 
ternary complexes at the surface of either ATH or goethite. 
The adsorption isotherm data and the formation constants for binary complex 
formation allow us to suggest which combinations of surface, dye and cyclodextrin 
are most likely to form the ternary, rotaxane-like, complex (see Figure 3.15). 
Comparable stability of the dye-surface and the dye-cyclodextrin complexes will be 
needed for the formation of the rotaxane structure to be favoured. 
3.4.5 Ternary dye/CD/surface complexes on ATH 
The isotherm data presented in Table 3.10 display the uptake of the phosphonic acid 
dye 17 onto ATH in the presence of equimolar quantities of a- or 3-cyclodextrin, 
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based on the surface area (7 m 2 g 1 ) t of ATH used. 9 Polyalcohols (such as 
cyclodextrins) have a poor binding affinity to oxides and it is assumed that CD is 
unlikely to compete with the binary complex for the surface. 
Equilibrium Surface coverage 
Required surface 
Ligand adsorption constant (mol g1) 
area 
(K) (A2 molecule")  
17 800 (± 100) 20.0 (± 0.8) x 10 6 50 (± 2) 
17 + aCD. 4600 (± 900) 6.3 (± 0.2) x 10 6 185 (± 9) 
17 + 3CD 9300 (± 3000) 4.8 (± 0.2) x 10 6 242 (± 15) 
Table 3.10 Adsorption data for 17 with a- and (3-CD on ATH (errors in parentheses)? 
These results demonstrated that the surface coverage of 17 in the presence of the 
cyclodextrins differed significantly. It was assumed that the increased bulk of the 
dye/CD complexes led to a decrease in surface coverage from [20.0 (± 0.8) x 10-61  to 
[6.3 (± 0.2) x 10-6]  and [4.8 (± 0.2) x 10-6]  mol g 1 for 17 and its a-CD and 13-CD 
complexes, respectively. 9 The equilibrium adsorption constants of the encapsulated 
species were observed at significantly higher values because the adsorption constant 
is dependent on both the steepness of the initial curve but also the rate at which 
monolayer coverage is reached. In the presence of CD, maximum coverage is 
reached at far lower concentrations due to the increased bulk of the dye/CD complex, 
resulting in a higher equilibrium adsorption constant. 
When the uptake of the comparable arsonate dye 18 on ATH was measured in the 
presence of o:-CD (Figure 3.27) the isotherm indicated, as with 17 that surface-
binding of the dye/CD complex occurs. In this case the surface coverage of dye is not 
reduced so substantially by the addition of cc-CD which is consistent with the higher 
solution stability of the binary 18/CD complex (Table 3.8). 
* Surface calculations associated with 17 on ATH are based on a surface area of 7 m 2  g 1 (determined 
prior to current work). Unless otherwise stated, all other results use a surface area of 6 m 2 g' 
determined by BET methods. 
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I 
)30 
Residual concenfraon (mci dm3) 
Equilibrium Surface coverage 
Required surface 
Ligand adsorption constant 0 01 g area 
('0 molecullecule)  (A2 
18 1700(±300) 14.0(±0.7)x10 6 71(±4) 
18 + aCO 2200(±400) 9.9(±0.5)x10 6 106(±6) 
Figure 3.27 The uptake of 18 and a-CO on ATH at pH 8, 25 °C (errors in parentheses). 
The NMR experiments to investigate the formation of inclusion complexes between 
'simple' phosphonic acids 2/8 and CD (Section 3.4.4) indicated that weak complexes 
with variable compositions are formed in aqueous solutions. Under these 
circumstances it might be expected that formation of the ternary ligand/CD/ATII 
complex will not be favourable. Within experimental error, the isotherm data in 
Figure 3.28 support this. 
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Ligand adsorption constant (mol g1) 
area 
(K) 4) (A 2 molecule 
2 2200 (± 250) 7.0 (± 0.2) x10 6 140 (± 5) 
2 + aCD 2000 (± 500) 8.1 (± 0.7) x 10 .6 123 (± 10) 
Figure 3.28 The uptake of 2 and a-CD on ATH at pH 8, 25 °C (errors in parentheses). 
3.4.6 . Ternary dye/CD/surface complexes on goethite 
In cases where the surface binding of the dye is very strong, e.g. for the phosphate 
and arsonate dyes 17 and 18 on goethite, the uptake of the free dye over the 
dye/cyclodextrin complex is preferred and there is no evidence for the mono-layer 
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Figure 3.29 The uptake of 17 and a-CD on goethite at pH 8, 25 °C, right graph plotted on a 
logarithmic scale. 
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In these systems the addition of a-CD suppresses multi-layering of the dye. The CD 
could effectively hydrogen bond through its exterior (primary or secondary) 
hydroxyl groups to the para substituents of azo dyes 17 and 18. Such an arrangement 
is shown schematically in Figure 3.30. 
Figure 3.30 Schematic representation of the 'hydroxy-terminated' monolayer in 17 and 18 
hydrogen bonded to a-CD. 
The K1 values in Table 3.11 are similar, indicative of there being little difference in 
the way 17 binds as a free dye to that with the addition of CD, consistent with there 
being no evidence of ternary complex formation on goethite. 
Equilibrium Surface coverage 
Required surface 
Ligand adsorption constant (mol g') 
area 
(to (A2 molecule') 
17 
K1 	11.0(±0.2)x105 9.9(+-0.6)    x 106 380(+-19)    
"2 	5.6(±2.2)x 10 2 _____  
17 +aCD K1 	8.1 (± 1.1) x 10 5 9.0 (±0.2) x 10-6 418 (±8) 
Table 3.11 Adsorption data for 17 with a-CD on goethite (errors in parentheses). 
When isotherms of the arsonate dye 18 shown in Figure 3.31 are compared, it 
appears that a-CD suppresses multi-layering of the dye, consistent with that seen in 
17 above. However, in the isotherm of 18 and 13-CD, there appears to be some 
10 	1Q 	io 
Residual concenFausm mci dm 4) 
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evidence of multi-layering of the dye, as n-CD may interact less effectively with the 
dye monolayer. 
Figure 3.31 The uptake of 18 and a-CD and [3-CD on goethite at pH 8, 25 °C, right graph 
plotted on a logarithmic scale. 
Equilibrium Surface coverage Required surface 




1.6 (± 0.4) x 106 
1.2 (± 0.2) x io 
10.0 (± 1.4) x 10 6 376 (±52) 
18+aCD 
1.8(±1.2)x10 
3.8 (± 2.1) x io 
9.8 (± 0.4) x 10 6 384 (± 15) 
18+[3CD 
2.2(±1.1)x10 6 
9.5 (± 2.7) x l0 
-6 8.9 (± 0.9) x j 423(+-47) 
Table 3.12 Adsorption data for 18 with a-CD and [3-CD on goethite (errors in parentheses) 
For the phosphonic acids 2 and S which do not form well defined 1:1 inclusion 
complexes with CD in solution, no reduction of the total uptake on goethite was 
expected on the addition of CD in an isotherm determination and none was found 
(see Figure 3.32). 
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Ligand adsorption constant 
(mol g') 
area 
(K) (A2 molecule") 
8 2.0 (± 0.3) x io 10.8 (± 0.2) x 10.6  1 348 (± 7) 
8 + aCD 1.5 (± 0.2) x 105 11.1 (± 0.1) x 10.6  1 	339 (± 3) 
Figure 3.32 The uptake of Band a-CD on goethite, pH 8, 25°C (errors in parentheses). 
3.5 Summary and conclusions 
The work discussed in this chapter has been aimed at defining the conditions 
required to form stable ternary (dye/CD/surface) complexes with a view to protecting 
azo-dyes adsorbed onto oxide treated papers from photobleaching through 
encapsulation within a cyclodextrin ring. Variations in the substrate, the guest 
molecule and the size of the host e.g. a- and n-CD were used to investigate effects 
on the equilibria shown in Figure 3.15. 
Phosphonic acids, shown to bind strongly to ATH, were found to bind over two 
orders of magnitudes more strongly to goethite. In contrast, NMR experiments on 
simple phosphonic acids (2 and 8) showed that these form very weak a-CD 
complexes in solution. Consequently, the binary surface complex was favoured over 
the ter-nary arrangement and adsorption isotherms of 2 and 8 on ATH and goethite 
generated the same isotherms with the addition of a-CD. 
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Variations of the visible spectrum of the dyes associated with formation of 
dye/cyclodextrin complexes in solution allowed the stability of binary complexes to 
be determined. 
Previous work within the group 
9,27  showed that the phosphonic azo-dye 17 formed a 
stable dye/CD complex on the surface of ATH with a marked reduction in surface 
coverage. In line with this research, the analogous arsonic azo-dye 18/a-CD complex 
displayed a reduction in the surface coverage of ATH but this was far less 
pronounced as a consequence of the increased solution stability of the binary dye/CD 
complex. 
Adsorption isotherms of the dyes 17 and 18 on goethite provide evidence for double 
or multiple layering, possibly as a result of their pendant phenolic groups providing a 
surface to which further dye molecules can H-bond. The addition of a-CD 
suppresses multi-layering giving monolayer coverage at ca. 10 x 10 5 mol g1 in all 
the systems studied. A decrease in coverage below this value, characteristic of the 
formation of the ternary complex was not observed in any case for goethite as the 
binary (dye/goethite) complex was far more favourable. 
As a consequence of the wet fastness of azo-dyes determined prior to this work, the 
strong attachment of phosphonic and arsonic acids to ATH and goethite in this study, 
suggests that dyes containing these tethering groups would be suitable for improved 
wet fastness. The high solution stability of the arsonic azo-dye/CD complexes over 
the phosphonië azo-dye, could lead to an increase in light fastness if these were to 
form ternary complexes with oxide treated papers. In practice, the arsonic 
compounds used in this study are unlikely to find favour in commercial applications 
due to their potential toxicity. 
A good balance between the equilibria of the binary dye/CD and dye/surface 
complexes is necessary to form the desired ternary complex. If the binding constant 
of the free dye is too large, the dye/surface complex will be favoured, and a very 
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stable dye/CD complex will result in the dye remaining in solution rather than 
binding to the surface. 
3.6 Experimental 
3.6.1 Instrumentation 
Refer to Section 2.6.1 for general instrumentation used for melting points, CHN, 
NMR, FAB, ES and IR analysis. The purity of dyes 17-22 was assessed by 
determining their As, P and S content obtained from ICP-OES measurements (see 
Section 3.3.1). Electronic spectra were measured on a Perkin Elmer Lambda 
UVIVIS/NIR spectrometer with 1 cm path length quartz cuvettes. Extinction 
coefficients (E) are reported in units of M 1 crti 1 . ICP-OES analyses for Al, As, Fe, P 
and S were performed on either a Thermo Jarrell Ash IRIS ICP-OES or a Perkin 
Elmer Optima 5300 DV. 
3.6.2 Solvents and reagents 
For general information on solvents and reagents, refer to Section 2.6.2. High surface 
area goethite was supplied by Bayer (Bayferrox ® 415). a-Cyclodextrin was dried at 
100 °C under vacuum prior to use. 
3.6.3 Ligand synthesis 
Phenyiphosphonic acid, 8, 4-(4'-aminophenylazo)phenylarsonic acid, 19, and 4-(4'-
dimethylaminephenylazo)benzenearsonic acid hydrochloride, 20, were obtained from 
Aldrich. 3-Oxo-3-p-tolylpropylphosphonic acid, 2, was prepared by Dr D. 
Henderson 39  at the University of Edinburgh. 
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4-Acetylaminophenyl phosphonic acid diethyl ester 
(CH3CH2O) 2OP_€j__M 
The preparation follows a method developed at Avecia. 28 p-Bromoacetanilide (50.0 
g, 0.21 mol) and NiCl2 (3.5 g, 0.03 mol) were heated with stirring under N2 at 190 °C 
and triethyiphosphite (45.0 ml, 0.26 mol) was added dropwise, collecting the 1-
bromoethane formed in a Dean-Stark apparatus fitted with a solid CO2 condenser. 
After addition was complete, the reaction was allowed to cool to 150 °C and stirred 
for 1 hr. The solution was left to cool to room temperature and stirred with 40/60 
petroleum ether (40 ml) overnight. The white solid which separated was filtered, 
dried and recrystallised from ethyl acetate to give 4-acetylaminophenyl phosphonic 
acid diethyl ester, as white crystals. Yield (29.4 g, 52 %); m.p. 138-140 T. Found: 
C, 52.33; H, 6.60; N, 5.19. C 1 2H18NO4P requires C, 53.14; H, 6.69; N, 5.16 %. 4.j 
(CDC13, 250 MHz) 9.44 (s, 1H, NH), 7.76 (m, 4H, Ar-H), 4.09 (m, 4H, 2CH2), 2.22 
(s, 3H, CH3C=O), 1.33 (t, 6H 2CH3). & (CDCI3, 63 MHz) 169.48 (C=O), 142.68 (Ar 
C-N), 132.55 (Ar 2CH), 122.65 (Ar CH), 120.52 (Ar CH), 119.14 (Ar C-P) 62.09 (2 
OCH2), 24.30 (CH3C=O), 16.14 (2 CH2CH3). 4 (CDC13, 101 MHz) 20.20. MS 
(FAB, NOBA) m/z 272 (MHt 100 %). vmax/cm 3311 br (OH), 1701 (C=O), 1259 
(P=O). 
4-Aninophenyiphosphonic acid (16) 
H203P—Q_NH2 
A method developed at Avecia was used to prepare 16.28  -4-Acetylaminophenyl 
phosphonic acid diethyl ester (20.0 g, 0.07 mol) was stirred at reflux (ca. 100 °C) in 
concentrated HCI (500 ml) overnight. Ethanol (70 ml) was added, to aid dissolution. 
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The solution was concentrated to 100 ml and placed in the fridge for 48 hours. The 
resulting white precipitate, 4-aminophenyiphosphonic acid, was collected and dried 
in vacuo. Yield (8.0g, 62 %); mp 251-252 °C (lit., 40 254-256 °C). 44 (D20 250 MHi) 
7.52 (m, 2H, Ar-H), 6.84 (m, 2H, Ar-H). & (D20, 63 MHz) 147.89 (C-NH2), 131.92 
(Ar 2CH), 129.66 (C-P), 115.84 (Ar 2cH). c' (D20, 101 MHz) 14.70. MS (FAB, 
NOBA) m/z 174 (MHt 71 %). v../cm -1 2865 br (OH), 1226 (P=O). 
4-(4'-Hydroxy-phenylazo)pheflyIphOSphOfliC acid (17) 
H2O3P—— N—aOH 
4-Aminophenylphosphonic acid was converted to 4-(4'-hydroxyphenylazo) 
phenylphosphonic acid, 17, using a modified method of Suh et al . 29 An aqueous 
solution (10 ml) of sodium nitrite (0.8 g, 11 mmol) was added to a solution of 4-
aminophenylphosphonic acid (1.7 g, 10 mmol) and concentrated HCl (150 ml) at 0 
°C and stirred for 30 mm. The reaction mixture was added dropwise to a solution of 
phenol (1.0 g, 11 mmol) and sodium carbonate (100 g, 1.0 mol) in a 4:1 water-
methanol mixture (250 ml) at 0 °C. After addition was complete, the reaction was 
stirred for 1 h, acidified with 1M HCI (100 ml) and the precipitate collected and 
dried in vacuo. Purification was carried out by Soxhlet extractions with anhydrous 
ethanol for 48 h and the resulting orange powder, 4-(4'-
hydroxyphenylazo)phenylphosphoflic acid, was collected and dried in vacuo. Yield 
(5.3 g, 95 %); mp 277- 280 °C (dec). 4 (D2O, 250 MHz) 7.72-7.83 (m, 4H, Ar-H), 
7.65 (m, 2H, Ar-H) 6.75 (d, 2H, Ar-H). & (D20, 63 MHz) 173.91 (C-OH), 152.90 
(C-N=N), 142.00 (C-N=N), 141.09 (C-P), 131.68 (Ar 2CH), 126.42 (Ar 2CH), 
121.08 (Ar 2CH), 120.12 (Ar 2cW. 4' (D20, 101 MHz) 11.79. MS (ES, 
DMF/CH3CN) ink 277 (M, 100 %). vmax/crn' 3470 br (OH), 1247 (P=O). Xma,, 
(H20)/nm 359 (15200). 
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4(4'Hydroxypheny1azo)phcnyIarSOfliC acid (18) 
--0— N—aOH 
18 was prepared using a modified method of Suh et al.29 An aqueous solution (10 
ml) of sodium nitrite (0.8 g, 11 mmol) was added to a solution of 4-
aminophenylarsonic acid (2.2 g, 10 mmol) and concentrated HCI (150 ml) at 0 °C 
and stirred for 30 mm. The reaction mixture was added dropwise to a solution of 
phenol (1.0 g, 11 mmol) and sodium carbonate (100 g, 1.0 mol) in a 4:1 water-
methanol mixture (250 ml) at 0 T. After addition was complete, the reaction was 
stirred for 1 h, acidified with 1M HCI (100 ml) and the precipitate collected and 
dried in vacuo. Purification was carried out by Soxhlet extractions with anhydrous 
ethanol for 48 h and the resulting orange powder, 4-(4'-
hydroxyphenylazo)pheflylarsonic acid, was collected and dried in vacuo. Yield (4.0 
g, 62 %); m.p. 288-289 °C (dec). 4j (1320, 250 MHz) 7.72 (d, 211, Ar-H), 7.60-7.64 
(m, 4H, Ar-H), 6.57 (d, 2H, Ar-H). & (D20, 63 MHz) 174.52 (C-OH), 154.50 (C-
N=N), 142.23 (C-N=N), 141.08 (C-As), 131.48 (Ar 2CH), 126.93 (Ar 2CH), 121.98 
(Ar 2CH), 120.37 (Ar 2CH). MS (ES, DMFIMeOH/CH3CN) m/z 321(M, 22 %). 
vmax/cm 1  3103 br (OH). X rnax/nm (H20) 364 (15600). 
4(4'Hydroxypheny1azo)beflZeflCSU1fOflic acid (21) 
H03S__€j?._N ,_ 
The preparation follows the method of Suh et al. 29 An aqueous solution (10 ml) of 
sodium nitrite (0.8 g, 11 mmol) was added to a solution of sulfanilic acid (1.7 g, 10 
mmol) and concentrated HCl (150 ml) at 0 °C and stirred for 30 mm. The reaction 
mixture was added dropwise to a solution of phenol (1.0 g, ,1 1 mmol) and sodium 
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carbonate (100 g, 1.0 mol) in a 4:1 water-methanol mixture (250 ml) at 0 °C. After 
addition was complete, the reaction was stirred for 1 h, acidified with 1M HCI (100 
ml) and the precipitate collected and dried in vacuo. Purification was carried out by 
Soxhlet extractions with anhydrous ethanol for 48 h and the resulting orange powder, 
4-(4'-hydroxyphenylazo)benzenesulfonic acid, was collected and dried in vacuo. 
Yield (1.6g, 58 %); m.p. 282-285 °C (dec) (lit., 29 283 °C). 6ji (1320, 250 MHz) 7.73 
(d, 2H, Ar-H), 7.58 (m, 4H, Ar-H), 6.54 (d, 2H, Ar-H). & (1320, 63 MHz) 174.94 
(C-OH), 154.58 (C-NN), 142.56 (C-S), 142.07 (C-N=N), 127.08 (Ar 4CH), 122.15 
(Ar 2CH), 120.29 (Ar 2CH). MS (ES, MeOH/CH3CN) ,n/z 277 (M, 100 %). 
vmax/cm 1  3244 br (OH), 1187 (S=O). Am/nm (H20) 365 (14100). 
4(4'-HydroxyphenyIazo)naphthaIeflCSU1fOfliC acid (22) 
tj; 'N-(J-OH 
4-(4'-Hydroxyphenylazo)naphthalenesulfonic acid was prepared in the same way as 
21.29 An aqueous solution (10 ml) of sodium nitrite (0.8 g, 11 mmol) was added to a 
solution of 4-amino-1-naphthalenesulfonic acid (2.2 g, 10 mmol) and concentrated 
HCI (150 ml) at 0 °C and stirred for 30 mm. The reaction mixture was added 
dropwise to a solution of phenol (1.0 g, 11 mmol) and sodium carbonate (100 g, 1.0 
mol) in a 4:1 water-methanol mixture (250 ml) at 0 °C. After addition was complete, 
the reaction was stirred for I h, acidified with 1M HCI (100 ml) and the precipitate 
collected and dried in vacuo. Purification was carried out by Soxhiet extractions with 
anhydrous ethanol for 48 h and the resulting red powder, 4-('4'- 
hydroxyphenylazo)naphthalenesulfOflic acid, was collected and dried in vacuo. Yield 
(1.3 g, 40 %); m.p. 287-289 °C (dec). 44 (D20, 250 MHz) 8.46 (d, 111, Ar-H), 8.30 
(d, 111, Ar-H), 7.90 (d, 1H, Ar-H), 7.58 (m, 3H, Ar-H), 7.37 m, 111, Ar-H), 7.08 (d, 
1H, Ar-H), 6.56 (m, 211, Ar-H). & (D20, 63 MHz) 174.72 (C-OH), 151.08 (C-N=N), 
143.05 (C-N=N), 138.09 (C-S), 130.41 (Ar C), 129.18 (Ar C), 128.33 (Ar CH), 
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127.25 (Ar 2CH), 126.73 (Ar 2CH), 125.33 (Ar Cl), 124.22 (Ar CH), 120.20 (Ar 
2CH), 110.67 (Ar CH). MS (ES, MeOH/CH3CN) m/z 327 (M, 100 %). Vmax/cm 
3435 (0-H), 1198 (S0). X max/nm (120) 407 (14200). 
3.6.4 Adsorption isotherm measurements 
Refer to Section 2.6.4 for the general adsorption isotherm procedure. In experiments 
with cyclodextrins, a- or 13-CD were added in equimolar quantities to the stock 
ligand solution (ca. 5 x 10 3 mol dm 3 ) prior to pH adjustment. ATH or goethite was 
used as the substrate and the elements analysed by ICP-OES included As, P, Al and 
Fe. Calibration standards 1, 10, 50, 100 and 170 ppm were prepared for arsenic and 
phosphorus, 1 and 5 ppm for aluminium or iron. The four spectral lines As_188.979, 
P_213.617, Al_396.153 and Fe_238.204 were selected for use. 
As before, aluminium and iron content was measured as a precaution to eliminate 
possible interferences; no significant levels (< 1 ppm) were detected in the aqueous 
phase after equilibration with ATH or goethite. All data fof adsorption isotherms are 
presented in the appendix. 
3.6.5 UV/Vis measurements 
Stock solutions (3.5 x 10-4 and 7 x 10 5 mol dm 
-3)  of each dye and CD solutions (1 x 
102 and 1 x 10 4 mol dm -3)  were prepared in a phosphate buffer 41 (ca. pH 8). 
Calibration solutions were prepared by diluting the stock 7 x 10 5 mol dm 3 solution 
as shown in Table 3.13. 
Sample number Stock vol. (ml) Buffer vol. (ml) 
1 1 9 
2 2 8 
3 4 6 
4 6 4 
5 8 2 
6 10 0 
Table 3.13 Solution preparation for calibration, stock solution 7 x 10' 5 mol dm3. 
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For studies of dye/CD complex formation in solution, the concentration of dye was 
3.5 x io mol dm 3  and the absorption spectra were measured in the presence of 
increasing concentrations of a.-CD (1 x 10 7 to 9 x 10-3 mol dm 3) at a fixed 










Stock CD solution 
(mol dm -3) 
Sample CD 
cone. (mol dm) 
1 1 8.99 0.01 1x10 4 1x10 7 
2 1 8.9 0.1 1x10 4 1x10 6 
3 1 8 1 1x10 4 lxltY5 
4 1 7 2 1x10 4 2x10 5 
5 1 5 4 1x10 4 4x1115 
6 1 1 8 1x10 4 8x10 5 
7 1 8.8 0.2 1 x10 2 2x i0 
8 1 8.6 0.4 1x10 2 4x10 4 
9 1 8.2 0.8 1x10 2 8x10 4 
10 1 7 2 1x10 2 2x10 3 
11 1 5 4 1x10 2 4x10 3 
12 1 1 8 1x10 2 8x10 3 
13 1 0 9 1x10 2 1 	9x10 3 
Table 3.14 Solutions for investigation of dye/CD complex formation (initial dye concentration 
3.5 x 10 4 mol dm 3, diluted to 3.5 x 10 5 mol dm 3 in sample preparation). 
3.6.6 NMR measurements 
In the 'H and ' 3C NMR experiments to study CD/dye complex formation, a stock 
solution with the required ligand was prepared in D20 and adjusted to Ca. pH 8 by 
addition of sodium carbonate and made up to 25 ml. The dye concentration was fixed 
at 0.05 mol dm-3  throughout and the cyclodextrin concentrations were varied from 
0.02 to 0.14 mol dm-3 (Table 3.15). 




conc. (mol dm3)  
Calculated mass of a-CD 
Mass of CD taken 
(g) 
1 0.02 0.00125 x 0.02 x 972.9 0.0243 
1 0.04 0.00125 x 0.04 x 972.9 0.0486 
1 0.06 0.00125 x 0.06 x 972.9 0.0730 
1 0.08 0.00125 x 0.08 x 972.9 0.0973 
1 0.10 0.00125 x 0.10 x 972.9 




1 0.12 0.1470 
1 0.14 0.00125 x 0.14 x 972.9 0.1703 
Table 3.15 Samples for the 1 H and 13C NMR investigation of dye/CD complex formation 
(where 0.00125 is the moles of ligand in a 0.05 mol dm 3 solution and 972.9 is the 
MW of a-CD). 
The required mass of CD was added to 1 ml of the stock solution (0.05 mol dm 3) 
and the variations of a peak position of a well resolved signal in the region of ÔH = 7-
8 ppm was measured at 25 °C for the different solutions. 
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4.1 Introduction 
4.1.1 Objectives 
This chapter addresses the nature of the 'tail' group and the location of 'head' group 
relative to the axis of the ligand on binding, and how they affect the surface coverage 
and potential for multi-layering. 
x 
- 
N* 	X = OH, NH,NMe2 
Y=P03H2,AsO3H2 
by 
Figure 4.1 Dyes with varying 'head' and 'tail' groups discussed in this chapter. 
Potential applications and earlier studies discussing the initial concepts of multi-
layering are considered below. 
4.1.2 Background 
The previous chapter discussed the binding strength and surface coverages of a series 
of azo-dyes adsorbed onto ATH and goethite. Dyes with phenolic 'tail' groups 
displayed evidence for multi-layering when adsorbed onto goethite. 
Dyes that have the potential for multi-layering may also have the capability to 
enhance the intensity of colour. This idea could be applied in industry to produce 
inexpensive pigments based on cheap inorganic supports covered with the 
appropriate quantity of organic chromophores. Pigments are decorative solid 
particles that are insoluble within an applied medium. The cost effectiveness of 
organic pigments based on aromatic molecules is limited by the core of the particle 
containing unused material. Many iron oxides are widely used as pigments due to 
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their durability, chemical inertness and low cost, though colours are limited to the 
shades of yellow, red and brown.' Colourless iron pigments have the potential to be 
'coloured' if a suitable dye could bind effectively to the surface and produce a 
sufficiently intense colour. Phosphonic and arsonic acid groups bind strongly to 
iron(III) oxide (see Section 3.4.2) and dyes incorporating these ligating groups with 
multi-layering capabilities, could potentially be used to modify the properties to form 
'coloured' iron pigments. 
Previous work 2  at the University of Edinburgh has indicated that phosphonic acids, 
varying only in the nature of the 'tail' group pam to the azo unit, give adsorption 
isotherms with different shapes. Meta phosphonic acid with a hydroxyl substituent, 













Ligand adsorption constant (mol g 1 ) 
area 
(K) (A 2 molecule")  
23 3000 (± 400) 10.5 (± 0.3) x 10 6 106 (± 3) 
24 2700 (± 400) 18.0 (± 0.6) x 16 65 (± 2) 
Figure 4.2 The uptake of 23 and 24 on ATH, comparing the effects of differing the tail 
groups, OH and NH2 , respectively, at pH 8, 25 °C (errors in parentheses) . 2 
The equilibrium adsorption constants are the same within experimental error. The 
much higher surface coverage shown by the amino-terminated ligand, 24, was 
attributed to double (or multiple) layering through a combination of electrostatic and 
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hydrogen-bonding interactions between a deprotonated phosphonic acid head group 
and a protonated aniline tail group, as shown in Figure 4.3. With this in mind, other 
possible multi-layering systems were considered (Figure 4.4). The importance of 
having a pendant amine group should be revealed by comparing 16 and 8. The series 
18-20 and the pair 23 and 24 should allow the importance of the basicity and H-bond 
donor properties of the tail groups to be established. 
NH2 
NH2 
I - 	A 
N N 
6'~ p 




Figure 4.3 Possible mode of layering of 3-(4'-aminophenylazo)benzenephosphonic acid, 24. 
OH 	NH2 	NMe2 	OH 	 NH2 
AAAA A 
yyYy y 
NH2 	N 	N 	 N 	 N' 
p y 	 P03 1­1 2 P03H2 
P03 1­1 2 	P0 2H2 	As03H2 	As03H2 	As03H2 
8 	16 	 18 	19 	 20 	 23 	 24 
Figure 4.4 Structures of simple phosphonic acid ligands 8and 16, arsonic azo-dyes 18-20 
and phosphonic azo-dyes 23 and 24 discussed in this chapter. 
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4.2 Preparation of ligands and azo-dyes 
The preparation and characterisation of 8, 16 and 18-20 are given in Sections 3.2.1 
and 3.6. 
4.2.1 Ligands 23 and 24 
3- (4'-Hydroxyphenylazo)benzenephosphonic acid, 23, and 3-(4'-aminophenylazo) 
benzenephosphonic acid, 24, were prepared by Dr S. De Silva 2 from 3-aminophenyl 
phosphonic.acid, supplied by Avecia3 (Scheme 4.1). Attempts to repeat this sequence 
from phenylphosphonic acid were hampered by difficulties in reducing 3-
nitrophenyiphosphonic acid to the corresponding amine. The attempted synthetic 
routes are shown in Scheme 4.2 (details are given in the experimental section). 
	
II 	 NH2 
A2
i) NaNO2 , COflC HCI at 0 O 
NH 
L.LPOH 	 OH/NH 2 
 
+ Na2CO3 /MeOH/H 20 
LLJ 	at C OC 	 ILP03H2 	"P03H2 
23 	 24 
Scheme 4.1 Preparation of 3-(4'-aminophenylazo)benzenephosphOflic acid, 23, and 3-(4'- 
hydroxyphenylazo)beflzenephoSphoniC acid, 24. 
H2SO4 	
I 
MeOH, 5% Pd/C, H 2,6 h 	- 
P03 H 2 	 6P03H2 
THF, SnCl 2 .2H 20 & 2M HCI, retlux 1 h y 	
P03H2 
Scheme 4.2 Attempted reduction of 3-nitrophenylphosphonic'acid to 3- 
aminophenyiphosphonic acid. 
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4.3 Investigating the effects of varying 'tail' groups 
4.3.1 Simple phosphonic acids 
The adsorption isotherms of 4-aminophenyiphosphonic acid, 16, on ATH and 




£ 	16 (goethite) 















0.000 	0.001 	0.002 	0.003 	0.004 	0.005 
Residual concentration (mci 
Ligand 




(mol g") (A2 area   molecule- ') 
8 (ATH) 8.7 (± 2.2) x io 2.8 (± 0.1) , 10.6 360 (± 16) 
16 (ATH) 22.9 (± 2.9) x io 2.4 (± 0.1) x 10 .6 415 (± 8) 
8 (Goethite) 2.0 (± 0.3) x io 10.8 (± 0.1) x 10.6 348 (± 3) 
16 (Goethite) 3.4 (± 0.5) x io 10.3 (± 0.2) x 10.6 365 (± 7) 
Figure 4.5 Isotherms comparing the adsorption of 8 and 16 to ATH and goethite at pH 8, 
25 °C (errors in parentheses). 
Wery similar isotherms were obtained for 8 and 16 on ATH and goethite. For each 
substrate the equilibrium adsorption constants are slightly higher for the amino-
substituted ligand, 16, but the surface coverages are almost identical for both ligands 
on each substrate. The presence of the amine substituent in this case has little effect 
on surface coverage and there is no evidence for the formation of double (multiple) 
layers by a mechanism of the type shown in Figure 4.3. 
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4.3.2 Mo-dyes with possible multi-layering functionality 
Isotherms of azo-dyes with arsonic acid tethering groups and differing 'tail' groups 
para to the azo unit, (hydroxyl, 18, amine, 19, and dimethyl amine, 20) are compared 










Residual concentration (fbi dm') 
Equilibrium Surface coverage 
Required surface 
Ligand adsorption constant (mol g') 
area 
(K) (A2   
18 1700 (± 300) 14.5 (± 0.7) x 106 69 (± 3) 
19 1800 (±400) 14.8 (± 1.0) x 10 6 67 (±5) 
20 Solution too viscous to measure accurately at higher concentrations 
Figure 4.6 The uptake of 18-20 on ATH at pH 8, 25 °C (errors in parentheses). 
Problems arose with measuring the uptake of 20 from more concentrated solutions, 
possibly as a result of strong intermolecular interactions in the solution phase. The 
high viscosity of ligand solutions prevented the preparation of samples with 
concentrations greater than 5 x 10 4 mol dm 3 . 
The observed equilibrium adsorption constants, K, (Figure 4.6) indicate that there is 
very little difference between the binding strengths of 18 and 19. The initial curve of 
20, at low ligand concentration (below 5 x 10
-4 mol dm 3), also appears to have a 
similar gradient. The similarity in the surface coverages, 14.5 (± 0.7) x 10 -6 and 14.8 
(± 1.0) x 10 6  mol 
gd  for 18 and 19, respectively, suggests that the multi-layering 
behaviour of the amino-substituted phosphonic dye, 3-(4'-aminophenylazo) 
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benzenephosphonic acid, 24, is not mirrored by the amino-substituted arsonic dye, 4-
(4'-aminophenylazo)phenylarsonic acid, 19, on ATH. This difference is possibly a 
consequence of the 'head' group location, relative to the azo unit, (para cf meta), 
since the pKa's of the acidic head groups, arsonic acid Cf phosphonic acid, are of 
similar magnitudes (pKa  3.3 and 1.8, respectively4 
5)•  19 has a stable resonance 
structure (Figure 4.7) which the meta analogue, 24, is unable to form. As a result, the 
amine in 19 is less basic as the unshared electron pair of the nitrogen is delocalised 
over the aniline ring making it less available to accept a proton. This compounds the 
already low basicity of anilines: the pKa of aniline is 4.58 cf cyclohexylamine pKa 





H 	HN _H 	 HN _H 	H N  ,H 
delocalisation of the electron pair 
Figure 4.7 Resonance structures of 19. 
The weaker basicity of the pendant amine in 19 would disfavour the mechanism 
suggested for multi-layering in 24 involving a protonated amine (Figure 4.3). 
The same comparison was made with dyes 18-20 adsorbed onto goethite. Data are 
presented in Figure 4.8. 




10' 	10 	 ID' 	10' 	io 
RmiduaI conoo,traUor, (rnol dm1 
 
ResIdUW con,UsbOn (Md dm1 
 
Equilibrium Surface coverage 
Required surface 
Ligand adsorption constant (mol g ) 
area 
(A2  molecule") 
18 
1.6 (± 0.4) x 106 
1.2 (±0.2) x io 
10.6 (± 2.0) 	10 6  355(—+67) 
19 
3.8(±0.9)x 106 
3.0 (±0.8) x 103 
10.5 (± 1.0) x 10 .6  358(+-36) 
20* 
3.7(±0.2)x106 
9.0 (± 0.2) 	io3 
11.6 (± 1.0) x 10 .6  324(—+29)    
Figure 4.8 The uptake of 18-20 on goethite at pH 8, 25°C, right graph plotted on a 
logarithmic scale (errors in parentheses). 
*The values calculated for 20 are an estimation as the data set is incomplete. 
The adsorption isotherms of 18-20 on goethite were plotted with a double Langmuir 
model and are displayed on a logarithmic scale in Figure 4.8. Dyes 18 and 19 appear 
to reach monolayer coverage at Ca. 10 x 10.6  mol g 1 , where the initial slope reaches a 
plateau. A second incline suggests the formation of a second layer or different 
binding mode. Two different arrangements were suggested in Section 3.4.2 for multi-
layering of 18 on goethite (Figure 3.20). Double-layering would be possible if H-
bond interactions occurred between phenolic 'tail' substituents of a second layer and 
the phenolic OH groups on the surface. Alternatively, protonated hydroxyl 'tail' 
groups could interact with deprotonated arsonic 'head' groups, similar to the 
mechanism described in Figure 4.3. In the latter example, the system would allow for 
multi-layering but confirmation would require additional results at higher 
concentrations. 
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A similar isotherm shape is illustrated in Figure 4.8 for the adsorption of 4-(4'-
aminophenylazo)phenylarsonic acid, 19, on goethite. The second incline in the 
logarithmic plot is indicative of multi-layering, although the mechanism is likely to 
be analogous to that illustrated in Figure 4.3. 
The viscosity of concentrated solutions of 20 prevented preparation of solutions with 
concentrations greater than 5 x 10 4 mol dm 3. Nevertheless, the incomplete data 
appear to follow the steep incline at low ligand concentration and reach monolayer 
coverage at similar values to 18 and 19. 
4.4 Summary and conclusions 
The research in this chapter has addressed two main themes in relation to multi-
layering, the nature of the 'tail' group and the location of the 'head' group relative to 
the azo-unit. Phenylphosphonic acid and 4-aminophenylphosphonic acid gave similar 
adsorption isotherms on substrates ATH and goethite. The isotherm curves and 
adsorption data of the amino-substituted compound, showed no evidence for multi-
layering. 
The multi-layering properties of the arsonic azo-dyes 18-20, with 'tail' groups 
(hydroxyl, amine and dimethyl amine, respectively) appears to be very dependent on 
the nature of the substrate surface. There was no evidence for the multi-layering on 
ATH. 
Double (or multi-) layering was observed on goethite and a variety of mechanisms 
are possible. 18 could double layer as a result of monolayer phenolic groups 
interacting with OH groups of a second layer, ('tail' to 'tail') or through protonated 
phenolic groups interacting with deprotonated arsonic 'head' groups ('tail' to 
'head'). Similarly, the analogous amine-substituted dye, 19, is likely to form H-
bonds between 'tail' and 'head' groups. The tertiary amine, 20, will be likely to form 
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slightly less stable H-bonds from the protonated (-NMe2) units to upper layer 
arsonate groups. 
Theoretically multi-layering could occur but additional data at higher concentrations 
is required to assess whether second and third plateaux are reached. Dyes with 
arsonic and phosphonic acid ligating groups that bind strongly to goethite with 
hydroxyl and amine 'tail' groups, have suitable properties to test initially in the 
potential development of 'coloured' iron pigments. 
4.5 Experimental 
4.5.1 Instrumentation 
General information for instrumentation used for melting point determinations, CHN 
analyses and NMR, FAB, ES and JR spectroscopy or spectrometry is given in 
Section 2.6.1. Section 3.6.1 provides details of the UV/Vis and ICP-OES equipment 
used. 
4.5.2 Solvents and reagents 
General information on solvents and reagents used is provided in Sections 2.6.2 and 
3.6.2. 
4.5.3 Ligand synthesis 
Phenylphosphonic acid, 8, 4-(4'-aminophenylazo)phenylarsonic acid, 19, and 4-(4'-
dimethylaminephenylazo)benzenearsonic acid hydrochloride, 20, were obtained from 
Aldrich. Section 3.6.3 provides details of the preparation of 16 and 18. 
3-Nitrophenyiphosphonic acid 
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The preparation follows a method developed at Avecia. 3 Phenylphosphonic acid 
(25.0 g, 0.14 mol) was dissolved in concentrated H2SO4 (102 ml) at 0 °C and a 
mixture of H2SO4:HNO3 (19.0 g 18.1 g) was added dropwise at 0 °C. After stirring 
for 2 h, the reaction was quenched by the addition of ice (ca. 300 g). The precipitate 
was recrystallised from hot acetic acid to give 3-nitrophenyiphosphonic acid as 
colourless crystals. Yield (13.3g, 42 %); m.p. 148-150 °C. Found: C, 34.86; H, 3.17; 
N. 6.46. C6H6NO5P requires C, 35.48; H, 2.98; N, 6.90 %. oH (1320, 250 MHz). 8.35 
(d, 2H, Ar-H), 8.21 (d, 2H, Ar-H), 7.94 (q, 2H, Ar-H), 7.58 (t, 2H, Ar-H). &, (1320, 
63 MHz) 147.92 (C-NO2), 136.88 (Ar CH), 133.14 (C-P), 130.42 (Ar CH), 126.53 
(Ar CH), 125.54 (Ar CH). Op (1320, 101 MHz) 12.47. MS (FAB, THIOG) ,n/z 204 
(MHt 100 %). vmax/cm 2873 br (OH), 1279 (P=O). 
Attempted reduction of 3-nitrophenyiphosphonic acid to 3-aminophenyl 
phosphonic acid 
MeOH, 5 % pd/c, H, 61i- célite filtered 
NO2 
5 % Pd/C, H 2 , 6h - paper filtered 
THF, SnCl2 .2H20 & 2M HCI, ref lux 1  
/\ 
1) Catalytic hydrogenation with 5 %palladium-on-charcoal (celite filtered) 2 ' 3 
3-Nitrophenyiphosphonic acid (10.0 g, 50 mmol) in methanol (25 ml) was placed 
under H2 for 6 h in the presence of 5 % Pd/C (0.6 g). The resulting mixture was 
filtered through a bed of celite with acetone and methanol. The solvent was removed 
under reduced pressure and the resulting product was dried in vacuo to leave a brown 
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oil (0.5 g). Analysis based on NMR and MS failed to identify the amine product. The 
very small quantity recovered suggested that the starting material and/or product had 
adsorbed onto the celite. As a result, a different technique was used. 
Catalytic hydrogenation with 5 %palladium-on-charcoal (paper filtered) 
The same method was repeated with a different filtering technique. As before, 3-
nitrophenylphosphonic acid was placed under H2 for 6 h. The Pd/C catalyst was 
separated from the mixture through filter paper, under vacuum. The solvent in the 
filtrate was removed under reduced pressure and the oil dried in vacuo to leave an 
oily residue (0.7 g) that was uncharacterisable by NMR and MS. As before, the 
quantity of product recovered was also very small. After some discussion, it was 
decided that the problem lay in the catalyst itself and it was likely that the starting 
material and/or product had adsorbed to the Pd/C. If time allowed, the reaction would 
have been repeated using 20 % Pd/C to minimise this effect. 
Synthetic reduction using Sn Cl2 in hydrochloric acid  
A third attempt using stannous chloride in the presence of hydrochloric acid was 
carried out. 3-Nitrophenylphosphonic acid (0.81 g, 4 mmol) was dissolved in 
tetrahydrofuran (40 ml) and stirred. A solution of stannous chloride dihydrate (4.02 
g, 18 mmol) in 2M hydrochloric acid (40 ml) was added and the mixture was stirred 
and heated at reflux for 1 h. The solution was allowed to cool to room temperature 
and the pH was adjusted to ,7 by the dropwise addition of 30 % w/v of sodium 
hydroxide. The product was filtered, washed with ether, and dried in vacuo to leave a 
yellow solid (3.09 g). Characterisation of the product suggested the presence of a 
mixture of starting material and impurities. 
The reduction of 3-nitrophenylphosphonic acid was deemed unsuccessful under the 
conditions used above. Another method using the Raney Nickel catalyst  was 
researched, but time constraints prevented further work. 
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4.5.4 Adsorption isotherm measurements 
Sections 2.6.4 and 3.6.4 provide details of the adsorption isotherm procedures. 
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5.1 Introduction 
5.1.1 Outline 
This chapter investigates the ability of several cobalt(III) complexes to function as 
'ligands' and bind to metal oxide surfaces. The thesis stems from the similar 
chemistries observed for Cr(III) and Co(III), both forming kinetically inert t-
hydroxy and I.x-oxo  bridged complexes based on stable electronic configurations (d 3 
and d6, respectively) and that the surface passivation resulting from chromate 
treatments depend on the formation of 1-hydroxy bridges to the surface. A 'proof-of-
concept' study was performed to determine the viability of Co(III) complexes acting 
as potential alternatives to chromate treatments. 
At the end of the chapter, some preliminary results are reported on the surface 
passivation of Al flake with two organic ligands, phenylmalonic acid, and 
benzohydroxamic acid, which have been shown to bind strongly to goethite." 2 
5.1.2 Chromium (VI) 
Chromium(VI) compounds (chromates) are used extensively in Al alloy pre-
treatments such as 'chromate conversion coatings' or 'chromic acid anodization' 
using H2CrO4. Chromates such as strontium chromate (SrCr04) or zinc chromate 
(H2CrO4Zn) are also widely used as pigments in primers. 3 
A general outline of the chromic acid anodising process  used in the aerospace 
industry to assist with adhesion and corrosion protection of Al panels is described in 
Section 2.1.6. Anodising involves the electrochemical growth of an oxide layer Ca. 
25 pm thick, usually sealed with chromic acid (H2CrO4). 3 Anodising is an expensive 
process and a more popular technique for corrosion protection uses chemical 
methods resulting in chromate conversion coatings. 
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A conversion coating is a chemically grown oxide layer on the substrate surface to 
provide corrosion protection and improved adhesion. 3 The mechanism for corrosion 
protection is still not completely understood, but it is thought that a series of 
electrochemical reactions exist that ultimately result in passivating inhibitors (e.g. 
chromates) being reduced (Cr 6 to Cr31 at active corrosion sites (grain boundaries 
and pits). Consequently, insoluble, kinetically inert polymeric oxides/hydroxides 
[Cr(OH)3] and [Al(OH)3] are deposited that provide a barrier to the permeation of 
corrosive molecules or ions such as water, oxygen and chloride ions. 
The conversion coating is typically used in combination with a primer and a top coat. 
The primer is a pigmented organic resin consisting of both chromates and non-
chromates to give additional corrosion protection. The top coat is usually a 
polyurethane resin designed to protect against extreme climates and UV rays. 3 
The typical components of a chromated primer are given in Table 5.1. In much the 
same way as conversion coatings, chromated primers have inherent passivating 
abilities. Cr6 diffuses from sparingly soluble chromate pigments to newly exposed 
corrosion sites and oxidises part of the metal surface, itself being reduced to Cr 3 to 
form an inert passivation layer. 5 
Part  wt.% Part  wt.% 
Strontium chromate and other pigments 37.5 Polyamide resin 	- 31.6 
Epoxy resin 22.9 Glycol ether 15.0 
Additives 0.2 Toluene 54.4 
Methyl isobutyl ketone 21.0  
Xylene 7.6  
Toluene 10.8  
Total 100 Total 100 
Table 5.1 Components of a two-part epoxy primer .3 
The chromating processes used to protect the surface of galvanised steel involve a 
similar mechanism producing trivalent chromium. A mixture of oxides and 
hydroxides with a probable formula of Cr(OH)3.2H20 has been suggested as the 
composition of this protective coating.6 
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5.1.3 Chromium (III) 
The coordination chemistry of chromium(III) is well documented .7-9 Cr(III) is the 
most stable oxidation state of chromium in water at unit activity of H.' ° It forms 
predominantly hexacoordinate octahedral complexes with Lewis bases, e.g. [CrX6] 3 
(X = H20, NH3), [Cr(L-L)3] 3 ' (L-L = en, bpy). Cr(III) also forms complexes with 
mixed donor sets, e.g. the pentaammines [Cr(NH3)5X]" that are renowned for their 
kinetic inertness which can be ascribed to high activation energies for substitution 
mechanisms which require formation of I  intermediates or transition states in which 
the high crystal field stabilisation energy from the octahedral d 3 configuration is lost. 
Even under conditions where these complexes are thermodynamically unstable 
ligand substitution and rearrangement reactions are slow (half lives of several 
hours). 11 
The acidic aquo complex [Cr(H20)6] 3  only exists in aqueous solutions at low pH. 
Hydrolysis of ECr(H20)6] 3  leads to polynuclear complexes containing OW bridges 
generated by the loss of a proton from coordinated water. Uncoordinated 01-f groups 
recombine to form bridged complexes (Figure 5.1)." Three types are possible; vertex 
sharing (single bridge), edge sharing (double bridge) and face sharing (triple bridge). 
OH 	 OH H3 0. 	
5t 	 , 	%• 
2 [Cr(H20)6]' 	 [(H20)50r 	 Cr(H20)5] RH2O) 4Cr 






Figure 5.1 Polynuclear Cr(I11) complexes formed through 0H bridging. 11 
Other polynuclear Cr(III) complexes containing amine terminal ligands with a bent 
Cr-O(H)-Cr bridge, e.g. [(en)2Cr(u2-OH)2Cr(en)2] or with a linear Cr-O-Cr bridge 
e.g. [(NH3)sCr-O-Cr(NH3)5] are also possible." 
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The process of 'chrome tanning' also sees the formation of similar Cr(III) hydroxy 
bridges. Tanning is required to maintain the suppleness of leather and involves the 
combination of leather (e.g. hide) with a chemical which provides cross-linking 
between collagen polypeptide chains to stabilise the proteins to make them resistant 
to bacterial degradation. 'Chromium sulfate', Cr2(SO4)3 is supplied at a pH ca. 2.8 
and then the pH is gradually raised to induce the formation of polynuclear hydroxy-
bridged Cr(III) species of differing lengths between the proteins to form 
thermodynamically and kinetically stable crosslinks. The process of cross-linking 
between proteins is known as olation (Figure 5.2).12 
protein protein 
Figure 5.2 Cross-linking between strands of collagen in leather treatments (olation).12 
We considered that 1u-hydroxy or p-oxy bridging to other metal ions in surface oxide 
layers provides a possible mechanism for the strong binding of polymeric Cr(IJI) 
protective layers, shown schematically in Figure 5.3. 
Cr 
A 	 B 
Figure 5.3 Some possible p-oxo linkages allowing Cr(lll) complexes to bind to oxide 
surfaces, A (face of Cr0 6 octahedron), B (edge of Cr0 6 octahedron). 
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In practice, such a system of Cr(III) attachment will be strongly dependent on the 
nature of the metal and similar M-O and Cr-O bond lengths would favour face-
sharing of octahedra, shown in Figure 5.4. 
Cr 
0 o 0 
/\ 
Figure 5.4 Binding through face sharing of octahedra. 
The necessity to replace Cr(VI) used in chromating treatments was discussed in 
Section 2.1.6. Current research is focused on the development of alternative 
technologies. Organic (e.g. silane and phosphate) and inorganic (e.g. cerium and 
molybdate) compounds are promising candidates. 3 
The aim of the research in this chapter, is to investigate whether cobalt(III) 
complexes can be used as 'ligands' for metal oxide surfaces generating structures 
analogous to those in Figure 5.3 and 5.4 and thus allow the development of 
alternative passivating treatments. Some background Co(III) coordination chemistry 
is given below. The study was envisaged as a proof-of-concept for a more extensive 
project involving collaboration with Professor Richard Hartshorn's group which has 
extensive expertise in the synthesis and mechanistic chemistry of Co(lll).complexes. 
5.1.4 Cobalt (Ill) 
Cobalt(HI) complexes are similar to those of chromium(III) in their kinetic inertness 
which arises from the high crystal field stabilisation energy of the low spin d 6 
octahedral configuration. 
Cobaltammines were extensively studied by Werner during the early 1900ts.13  The 
aerial oxidation of aqueous mixtures of CoX2, NH4X and NH3 (X = Cl, Br) forms 
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complexes such as [Co(NH3)6] 3t [Co(NH3)5X] 2  and [Co(NH3)4X2]t Substitution 
reactions are slow (half lives of hours/days). The forward (aquation) and backwards 
(anation) reactions of the pentammines" are as follows: 
H20 
[Co(NH 3) 5X]2 	- 	[Co(NI-I3)5(H20)]3 + X_ 
Complexes analogous to the cobaltammines can be obtained using chelating ligands 
such as ethylenediamine (en) or bipyridyl (bpy) and these have important 
stereochemical properties that are discussed in Section 5.2.1. The separation and 
characterisation of geometric and optical isomers of Co(III) complexes was a 
milestone in the development of coordination chemistry providing proof of the 
formation of octahedral species. Hydrolysis of Co(III) complexes leads to 
polynuclear cobaltammines with bridging OW groups (Figure 5.5), analogous to 
Cr(III) complexes.' 
[(NH 3) 4Co co(NH 3)4] + 
OH 
NH2 
[(NH a)3coEoHCo(NH3)3]3+  
OH 
Figure 5.5 Dinuclear Co(III) complexes with bridging 0H and NH 2 groups. 11 
As ammine complexes can form p-OH edge- and face-shared octahedra it is possible 
in principle that we could use similar linkages to attach cobalt complexes of organic 
amine ligands to metal oxide surfaces as illustrated in Figure 5.6. 
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Figure 5.6 A possible mode of attachment of a fac[Co(tame)(OR) 31 unit onto the surface of a 
metal oxide (tame is 1,1,1-tris(aminomethyl)ethane). 
5.1.5 Uptake of Co(lll) complexes; proof-of-concept 
In order to test whether cobalt(III) complexes could be attached to Al(III) or Fe(III) 
oxide surfaces via two or three hydroxyl bridges we considered using Co(III) 
complexes with chelating aliphatic amines and two or three relatively easily 
substituted monodentate ligands and to compare these with [Co(en)31 3 which has no 
'labile' ligands. Surface binding strengths and coverage on ATH and goethite were 
investigated by determining adsorption isotherms in a manner similar to that 
described in earlier chapters. 
The 	complexes 	trichloro(diethylenetriamine)cobalt(III), 	[Co(dien)C13] 	25, 
dichlorobis(ethylenediamine)cobalt(III), trans [Co (en)2Cl2] Cl 26, and 
tris(ethylenediamine)cobalt(III), [Co(en)3]Cl3 27, shown in Figure 5.7 were chosen 
for study and were supplied by Professor Richard Hartshorn, University of 
Canterbury, New Zealand. 
Chapter 5: Alternative treatments: Surface binding of cobalt(III) complexes 
Pcl T 
H  NH2 C 2> 	m H2N 
L C1 -1 
Cl3 
25 me4Cc(dien)C13] 	 26 transfCo(en) 2C121CI 	 27 [Co(en) 3]C1 3 
Figure 5.7 Structures of colbalt complexes 25-27. 
5.2 Alternative surface treatments 
The three cobalt(III) amine complexes, 25-27, in Figure 5.7 differ in their 'ligating' 
potential for oxide surfaces in having different numbers of Cl - ligands. On these 
grounds it might be expected that the binding strength of the complexes will vary in 
the order 25 >. 26 > 27. Complex 27 with no available coordination sites is not 
expected to show any strong interaction with the surface. 
Their ability to be used as corrosion inhibitors on lightly oxidised iron or aluminium 
surfaces may be influenced by the reduction potential of the metal. The highly 
reducing Al will more readily promote reduction of co(III) complexes on the surface 
(Figure 5.8). The generation of kinetically labile Co(II) species is likely to lead to 
loss of passivation properties. 
Fe3 +3& 	) Fe 	E°=-O.04V 
A13 +3& 	)Al E°=-1.66V 
Figure 5.8 Standard reduction potentialsof iron(Ill) and aluminium(lll).14 15 
5.2.1 Isomerism of [Co(en) 2Cl21+ 
During the preparation of an aqueous solution of 26 the complex showed signs of 
isomerism, changing from green (trans) to red over a period of hours. Complete 
isomerism to the cis isomer would give the colour violet 
16  so it is thought that there 
Chapter 5: Alternative treatments: Surface binding of cobalt (III) complexes 
is likely to be a mixture of both (trans and cis) isomers in the red solution. Figure 5.9 
provides the structures of the trans and cis isomers of the cation [Co(en)2C12]'- In 




(H2N 1°NH2  
Cl 
trans[Co(en) 2Cl2] 
flNH2 	 NH 




 i )  
enantiomers of cis[Co(en) 2Cl2] 
Figure 5.9 The trans- and cis- complex cations of [Co(en)2C121*, 26.14 
It is predicted that on substitution of the first Cl - ligand, there would be significant 
isomerisation of the trans to the cis isomer and further isomerisation is expected on 
substitution of the second Cl - ligand. This is consistent with work of Tobe17' 18  which 
discussed the rate constants of the first aquation of [Co(en)202]. The authors 
combined spectrophotometric and titrimetric techniques to measure the percentage 
isomerism of [Co(en)2Cl2] with substitution of one Cl- ligand with one water 
molecule (Figure 5.10) and determined rate constants, k (cis) and k (traits) to be 
2.44 x 10-4s  and 3.53 x 105 
s,  respective]  Y.17 
k. 
35 % cis [Co(en) 2(H20)Cl]2 + Ci 
trans [Co(en)2C'21+ + H 20 
kt 
	 65 % trans [Co(en) 2(H20)Cl]2+ + CI - 
Figure 5.10 Isomerism associated with the aquation of trans[Co(en) 2C1j. 17 
Interconversion of the cis or trans isomers of [Co(en)2(H20)Cl] 2 also occurs 
17  and 
the rate constant for approach to equilibrium is 9.57 x 10 -5 s ' . 
Ic 
cis [Co(en)2(H20)CI]2+ 	N 	trans [Co(en)2(H20)CI]2 
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These results are consistent with the colour changes of the aqueous solution of 26 
and crucially suggest that the trans-complex can generate the cis-form which would 
be needed to provide an edge sharing structure for surface binding as shown in 
Figure 5.3, B. 
5.2.2 The adsorption of cobalt(III) complexes on goethite 
The adsorption of cobalt(III) complexes 25-27 onto iron(III) oxide (goethite) was 
investigated by determining isotherms without pH adjustment (starting pH ca. 3.5) 
and the isotherm points were measured up to a residual concentration of the Co(III) 
complex of 5 x 10 4 mol dm 3 . As a result of the observed colour change for the 
aqueous solution of [Co(en)3CI21', two separate isotherms were recorded; one using 
the green solution of 26 shortly after preparation, and one using the red solution 
which resulted after the stock solution of 26 had been allowed to stand for 12 hours. 
Supernatant solutions were red in all cases after the isotherm experiment. 
4.OxI 
3.0x10' 
3 2.5x10 ° 
E 
2.00e - 
25 (run 1) 
£ 25 (run 2) 
	
___________________________________________ 	
• 26 (red solution) 5.0x10 7 * 26 (green solution) 
27 
0.0. 	 I 	 I 	 I 
0.0000 	0.0001 	0.0002 0.0003 0.0004 0.0005 
Residual concentration (mol dm 2) 
Ligand 
Estimated equilibrium 
adsorption constant (K) 
Estimated surface coverage 
(mol g .1 
25 (run 1) 4.5 (± 0.2) x 104 3.6 (± 0.04) , 	10.6 
25 (run 2) 4.8 (± 0.2) x 104 3.7 (± 0.04) x 10.6 
26 (red) 13.7 (± 2.2) x 104 2.2 (±0.06) x 10.6 
26 (green) 10.3 (± 2.0) x 
104 2.6 (±0.09) x 10.6 
27 - 0.5 (± 0.08) x 10.6 
Figure 5.11 The uptake of 25-27 on goethite, 25°C. 
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Duplicate experiments recording the uptake of [Co(dien)C13] give equilibrium 
adsorption constants and surface coverages which are equal within experimental 
errors (Figure 5.11). For Co(en)2Cl21 the isotherms appear (Figure 5.11) to be 
slightly different depending on whether the experiments are run immediately after 
preparation of the (green) solution of transECo(en)2C12P or run with an aged (red) 
solution which may contain cis-isomers and/or aquochloro complexes 
[Co(en)2(H20)Cl] 21  . However, the equilibrium adsorption constants and surface 
coverages are the same within experimental error for both. 
It might have been expected that the then complex, 25, would show stronger surface 
binding than 26 on the grounds that a tridentate binding mode is possible using all 
three of the more labile coordination sites not defined by the then ligand. In practice 
the estimated equilibrium constant, 4.6 (± 0.2) x 10 4 is lower than for 26, 10.3 (± 2.0) 
and 13.7 (± 2.2) x ion, although the surface coverage is higher. It would be 
inappropriate to speculate on the origin of these differences as isomerisation and 
hydrolysis of the then complex 25 involves complicated pathways. 
As might have been expected the tris-ethylenediamine complex. 27, shows evidence 
of only very weak uptake (Figure 5.11) as it is unlikely that any significant exchange 
of ethylenediamine ligands for water occurs in 2 hr contact time with goethite. 
The stepwise substitution of Cl - ligands with water molecules in the Jac and mer 
isomers of [Co(dien)C13] (Figure 5.12) have been investigated by Caldwell et al.19 
and is thought to involve: 
me4Co(dien)C1 31 	S me4Co(dien)(H 20)CI 21 	fac-[Co(dien)(H 20)2CI]2 
brown 	 brown 	 red 
fao[Co(dien)(H2O) 3]3 
red 
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(H2 	 Cl 






fac[Co(dien)C1 3] 	 mer[Co(dien)C13] 
Figure 5.12 Geometrical isomers of [Co(dien)C13], enantiomers not shown. 
It was proposed that the first step in the hydrolysis of the mer[Co(dien)C13] occurred 
with retention of configuration and that the first Cl - to be substituted is trans to the 
secondary amine! 9 The secondary hydrolysis is thought to involve isomerism to the 
fac isomer and isomer configuration is maintained in the third hydrolysis. 19 The 
kinetics are difficult to follow as there are many geometric isomers in the last two 
aquation steps and as a result rate constants were not determined in the study by 
Caldwell et al. 
Attachment of the then and bis(en) cobalt(III) units to the goethite surface could be 
envisaged to result from 'olation' 12 of [Co(dien) (H 2O) 3} 3 and [Co(en)2(H20)2] 31 , 
respectively. For the then complex isomerisation to the fac-form could allow 
formation of face-shared attachment as in Figure 5.13, A, which is analogous to that 
proposed in Figure 5.6. Alternatively, an edge-shared arrangement could be involved 
allowing either an OFF ligand (see B, Figure 5.13) or then NH group to hydrogen-
bond to surface water or OFF groups. A mer-form of [Co(dien)(OH)3] could also be 
envisaged to form edge-shared octahedra as in Figure 5.13, B, as could the cis-form 
of Ko(en)2(OH)21t 





/ 	 I 
/ I 
I' 
\OH2 M—OH 2 
A 	 B 
face-shared 	 edge-shared 
Figure 5.13 Schematic representation of the possible binding modes of fa4Co(dien)(OR) 3] 
units onto the surface of a metal oxyhydroxide. 
5.2.3 The adsorption of cobalt(Ill) complexes on ATH 
The first experiments to investigate the uptake of Co(III) complexes on metal oxide 
surfaces were carried out with [Co(dien)C131, 25, on ATH with pH adjustment 
(starting pH ca. 8), following the protocol used in previous chapters. Results 
suggested a very weak affinity for the surface. Work on the uptake of Co(III) 
complexes on goethite (above) immediately generated data to support the hypothesis 
that Co(III) complexes could bind strongly to the surface and consequently work on 
ATH was abandoned in an attempt to generate proof-of-concept. Now this has been 
established for binding to Fe(Ill) oxides it is appropriate to re-investigate the uptake 
of Co(III) complexes on ATH and future work using this substrate is planned. 
5.2.4 Proof-of-concept 
Results to date provide the 'proof-of-concept' that cobalt(III) complexes can bind 
strongly to metal oxide surfaces but the binding strength may prove to be very 
dependent on the nature of the metal oxide. 
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The much stronger binding to Fe(III) than Al(III) oxide surfaces suggested by the 
preliminary work above could arise because formation of Fe(IJI)-OH-Co(III) bridges 
at the interface are more favourable on steric and/or electronic grounds. If so it is 
curious that chromate passivation is very effective on aluminium because this implies 
that formation of Al(III)-OH-Cr(III) bridges is very favourable. Extending the 
current proof-of-concept work to compare the uptake of Co(III) amine complexes 
with Cr(III) analogues would help to clarify this. Many other factors need to be 
addressed to form a complete study, e.g. is the equilibrium period of two hours 
sufficient to allow complete substitution of the Cl - ligands followed by substitution 
with surface metal sites. Collaborative work 20  with Professor Richard Hartshorn's 
group at the University of Canterbury, New Zealand is aimed at extending the study 
to allow other amino cobalt(III) complexes, some of which contain pendant 
functionalities to achieve modification of surface properties. 
5.2.5 Cobalt(ill) complexes as passivators 
The Al-passivating ability of [Co(dien)C13], 25, was tested in the hydrogen evolution 









Figure 5.14 Result of 25 in the passivation test based on H 2 evolution, compared with the 
control, a diphosphonic acid, 5, and a carboxylic acid, 14. 
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Data for 25 are displayed together with results on compounds with a similar 
effectiveness. The cobalt complex passivates the surface of Al flake better than the 
amino-diphosphonic acid, 5, and the keto-carboxylic acid, 14. Since the predicted 
structures of 25 (Figure 5.13) on the surface are relatively hydrophilic, the complex 
is unlikely to perform as well as the hydrophobic monophosphonic acids. The 
significant passivation of Al shown by 25 is encouraging as the concern (see p 160) 
that the reducing nature of aluminium might lead to reduction of Co(III) and 
labilization of the surface complex does not appear to have been realized. 
The hydrogen evolution result serves as a starting point for future work based on the 
proof-of-concept which has been established in this thesis. A development 
programme based on collaboration with Professor Richard Hartshorn at the 
University of Canterbury will consider the use of a range of tailor-made Co(III) 
amine complexes which would increase the hydrophobicity of surfaces and will also 
compare results with related Cr(III) complexes. 
5.2.6 Other adsorbates as Al-passivators 
As a final test following the theme of the thesis, two other ligands available in the 
laboratory were tested for their Al-passivating ability, phenylmalonic acid, 28, and 
benzohydroxamic acid, 29 (Figure 5.15). Both have functional groups that could 
potentially bind efficiently to aluminium oxide surfaces and both have been shown 1,2 
to bind strongly to Fe(III) oxides. Figure 5.16 shows the results obtained. 
28 	 29 
Figure 5.15 Structures of phenylmalonic acid, 28, and benzohydroxamic acid, 29. 
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Figure 5.16 Results of 28 and 29 in the passivation test based on H2 evolution, compared 
with the control. 
Pheñylmalonic acid. 28, shows a similar effectiveness to the diphosphonic acids (5 
and 6) and the carboxylic acids (14 and 15). Benzohydroxamic acid, 29, performs 
better giving results comparable to monophosphonic acid e.g. 2-oxo-2-
phenylethylphosphonic acid, 3 (Table 5.2). 
Ligand 
Time to displace 







28 . 	5.5 
29 20.8 
Table 5.2 Comparison of hydrogen evolution for ligands 28 and 29 with those of a similar 
passivating ability previously listed (see Section 2.4). 
The passivating ability of benzohydroxamic acid, 29, is curious. Hydroxamic acids 
form very stable complexes with A1(III) and trivalent first transition series metals. 
The log/3 value 21, 22 for the formation of the Fe(III) complex of benzohydroxamic 
acid (29, bhafl), [Fe(29-H)31 	is 30.4. Consequently one would expect 
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benzohydroxamic acid to labilize oxide surfaces by promoting the dissolution of 
iron(III) oxide. 
Fe20 3 + 6bhaH 	 - 2[Fe(bha) 3] + 31-120 
In practice, recent studies  have demonstrated that bhaH, 29, forms stable complexes 
with goethite. Isolation  of a dinuclear complex (Figure 5.17) suggests that an 
oximato oxygen atom could effectively bridge two Fe atoms whilst the ketonato 
oxygen completes a chelate ring to one of the Fe atoms. Such a structure could 
provide a motif for efficient surface complex formation (Figure 5.18) on iron oxides 
which could operate also on Al oxides, accounting for the effective passivation. 
Figure 5.17 Structure of the dinuclear complex [Fe 2(bha) 4Br2]. 2 




/ Fe/ F/ 
H 
_Fe/ Fe/ 
Figure 5.18 Schematic representation of a possible binding motif for the attachment of bhaH 
to iron oxide surfaces .2 
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5.3 Conclusions 
The work described in this chapter has confirmed the hypothesis that Co(III) 
complexes can function as surface treatments for iron and aluminium oxides. 
Isomerisation and low solubilities of Co(III) complexes make it difficult to determine 
the specific isomers associated with surface substitution and future work should look 
at Co(III) systems that are less susceptible to isomerism. 
5.4 Experimental 
5.4.1 Instrumentation 
Refer to Section 2.6.1 for general instrumentation. Inductively coupled plasma 
optical emission spectroscopy (ICP-OES) analysis for Co, Fe and Al were performed 
on a Perkin Elmer Optima 5300 DV: 
5.4.2 Solvents and reagents 
For general information on solvents and reagents, refer to Section 2.6.2. High surface 
area Goethite was supplied by Bayer (Bayferrox ® 415). 
5.4.3 Ligand origin 
Cobalt complexes 25-27 were supplied by Professor Richard Hartshorn of the 
University of Canterbury, New Zealand. Ligands 28 and 29 were obtained from 
Aldrich. 
5.4.4 Adsorption isotherm measurements 
Refer to Section 2.6.4 for the general adsorption isotherm procedure. No pH 
adjustment of aqueous solutions of 25-27 was performed prior to the isotherm 
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experiment when using goethite as a substrate. Goethite and ATH were used as the 
substrate and the elements analysed by ICP-OES were Co, Fe and Al. Calibration 
standards 1, 10, 50, 100 and 170 ppm were prepared for cobalt, 1 and 5 ppm for iron 
and aluminium. The spectral lines Co_228.616, Fe_238.204 and Al_396.153 were 
selected for use. As before, iron and aluminium content were measured as a 
precaution to eliminate possible interferences; no significant levels (c 1 ppm) were 
detected in the aqueous phase after equilibration with goethite or ATH. All data for 
adsorption isotheMs is presented in the appendix. 
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The main objective of the research described in this thesis was to design organic 
ligands capable of binding strongly to metal oxides and to consider their use in the 
development of benign alternatives for chromating surface treatments of aluminium 
and in the protection of chromophores attached to oxide-treated papers. 
Simple phosphonic acids have been shown to have a high affinity for aluminium 
trihydroxide (ATH). Adsorption isotherm measurements and passivation tests 
showed that the same phosphonic acids protect aluminium flake from corrosion in 
aqueous media. Most efficient passivation was obtained using phosphonic acids with 
long hydrophobic chains. These gave passivation which was as effective as that of 
commercial samples. When binding strengths were compared with performance in 
passivation tests, results suggested that high thermodynamic stability was necessary 
for good passivation but additional factors such as hydrophobicity and kinetic 
stability were also as important. The work has confirmed that simple organic ligands 
are capable of 'engineering' the surface properties of aluminium flake to allow 
chromate treatments to be replaced. 
The encapsulation of an azo-dye within a cyclodextrin (CD) ring has previously 
shown an ability to protect a chromophore from photobleaching." 2  The step-by-step 
investigation in this thesis, of the equilibria associated with the formation of these 
rotaxane-like complexes, suggests that a good balance between the free energy of 
formation of the binary dye/CD and dye/surface complexes is necessary to form the 
desired ternary (dye/CD/surface) complex. 
Using this criterion, the rational design of molecules to form stable ternary 
complexes offers the possibility of protecting azo-dyes or other guest molecules from 
photochemical degradation. Further work may include the use of CDs tethered with 
phosphonic acid groups, similar to that shown in Figure 6.1, to allow CDs to be 
attached directly to the surface. With this in mind, a wider range of guest molecules 
with differing surface-ligating groups (e.g. -S03H, -CO2H) that do not necessarily 
bind strongly to the surface could be used. 
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Figure 6.1 Schematic representation (A) of a 'phosphonated CD' attached to an Al oxide 
surface and a potential candidate (B) with an amide linker to attach a phosphonic acid to CD. 
Adsorption isotherm studies of phosphonic and arsonic acid, para substituted azo-
dyes with hydroxyl or amine 'tail' groups show a very high affinity for iron(III) 
oxide (goethite) and display multi-layering properties. Dyes of this type have suitable 
properties to develop coloured iron pigments. 
The research described in the final chapter of this thesis was not envisaged at the 
outset. A 'proof-of-concept' study has shown that cobalt(III) complexes can function 
as 'ligands' and bind effectively to metal oxides. Such an approach could in principle 
allow kinetically inert cobalt(III) complexes to be used instead of chromium(III) 
systems for passivation of oxide surfaces. 
Collaborative work with Professor Richard Hartshorn's group at the University of 
Canterbury, New Zealand, is currently aimed at extending this study to allow other 
amino cobalt(III) complexes (Figure 6.2) to achieve modification of surface 
properties. Future work will also compare the uptake of Co(III) amine complexes 
with Cr(ITI) analogues. 









Figure 6.2 Cobalt(llI) complexes to be used as surface 'ligands'. 
A [Co(tame)Cl 31 where tame = tris(aminomethyDethane and B [Co(tacn)CI 31 and where 
tacn = 1 ,4,7-triazacyclononane. 
Whilst, the work in this thesis has successfully designed and tested a range of 
different organic ligands and complexes that offer potential alternative treatments to 
'surface engineer' metal oxides, the nature of the complexes formed at the 
oxy/hydroxide surface has not been fully established. Plausible models for the mode 
of attachment of various surface-ligating groups have been suggested but other 
techniques (e.g. (SEERS) Surface Enhanced Electronic Raman Spectroscopy or 
(STM) Scanning Tunnelling Microscopy) should be considered in future to elucidate 
structures of the surface-bound species. 
References 
M. R. Craig, M. G. Hutchings, T. D. W. Claridge, and H. L. Anderson, 
Angew. Chem. mt. Ed., 2001, 40, 1071. 
2 	S. S. De Silva, 'Dye Binding Studies on Alumina Coated Surfaces', PhD 




Contents of Appendix (all data is on the supplementary CD) 
Appendix data Page no. 
Chapter 2 
Data for Figure 2.15— adsorption isotherms of 1, 3, 4 and 7 183 
Data for Figure 2.16— adsorption isotherms of 1 and 2 184 
Data for Figure 2.17— adsorption isotherms of 9 and 10 185 
Data for Figure 2.18— adsorption isotherms of 9 (pH 3 & 8) 186 
Data for Figure 2.23— adsorption isotherms of 1, Sand 8 187 
Data for Figure 2.24— adsorption isotherms of Sand 6 188 
Data for Figure 2.26— hydrogen evolution results of the control, 5, 14 and 15 189 
Data for Figure 2.27— hydrogen evolution results of 1, 2, 3, Sand 8 190 
Data for Figure 2.29— hydrogen evolution results of 4 and 7 192 
Data for Figure 2.30— hydrogen evolution results of 9-13 193 
Data for Figure 2.32— hydrogen evolution results of 10 and samples A & B 195 
Crystal data for 7—refinement parameters, bond lengths and bond angles 197 
Chapter 3 
Data for Figure 3.16— adsorption isotherms of 17 and 18 (ATH) 202 
Data for Figure 3.17— adsorption isotherms of 2 and 8 (ATH and goethite) 204 
Data for Figure 3.18 - adsorption isotherms of 2 and 8 (goethite) 205 
Data for Figure 3.19— adsorption isotherms of 8 and 17 (goethite) 206 
Data for Figure 3.22 - UV/Vis data for the formation of 18: a-CD complex 208 
Data for Table 3.8 - UV/Vis data for the formation of 17: a-CD complex 209 
Data for Table 3.8— UV/Vis data for the formation of 19: a-CD complex 210 
Data for Figure 3.24— UV/Vis data for the formation of 20: a-CD complex 211 
Data for Table 3.10— adsorption isotherms of 17 and a- and [3-CD (ATH) 212 
Data for Figure 3.27 - adsorption isotherms of 18 and a-CD (ATH) 214 
Data for Figure 3.28— adsorption isotherms of 2 and a-CD (ATH) 216 
Data for Figure 3.29— adsorption isotherms of 17 and a-CD (goethite) 217 
Data for Figure 3.31 - adsorption isotherms of 18 and a- & [3-CD (goethite) 218 
Data for Figure 3.32 - adsorption isotherms of 8 and a-CD (goethite) 219 
Chapter 4 
Data for Figure 4.2 - adsorption isotherms of 23 and 24 (ATH) 221 
Data for Figure 4.5 - adsorption isotherms of 8 and 16 (ATH and goethite) 223 
Data for Figure 4.6 - adsorption isotherms of 18-20 (ATH) 224 
Data for Figure 4.8 - adsorption isotherms of 18-20 (goethite) 225 
Chapter 5 
Data for Figure 5.11 - adsorption isotherms of 25-27 (goethite) 227 
Data for Figure 5.14— hydrogen evolution results of the control, 5, 14 and 25 228 
Data for Figure 5.16— hydrogen evolution results of the control, 28 and 29 230 
PAPER 	 www.rsc.org/dalton I Dalton Transactions 
The assembly of rotaxane-like dye/cyclodextrin/surface complexes on 
aluminium trihydroxide or goethitet 
Rachel J. Cooper," Philip J. Camp," Ross J. Gordon," David K. Henderson," Dorothy C. R. Henry," 
Hamish McNab," Sonali S. De Silva," Daniel Tackley,b  Peter A. Tasker*  and Paul Wighth 
Received 23rd December 2005, Accepted 15th February 2006 
First published as an Advance Article on the web 5th May 2006 
DO!: I0.1039/b518260c 
Simple azo-dyes carrying phosphonic acid and arsonic acid substituents such as 4-(4-hydroxyphenyl 
azo)phenylphosphonic acid (5) and 4.(4'.hydroxyphenylazo)phenylarsonic acid ( bind more strongly 
to high surface area oxides such as aluminium trihydroxide and goethite than their carboxylic and 
sulfonic acid analogues and the phosphonate-functionalized dyes have been shown to have greater 
humidity fastness when printed onto commercial alumina-coated papers. Adsorption isotherm 
measurements provide evidence for the formation of ternary dye/cyclodextrin/surface complexes. Dyes 
which form such ternary complexes show higher light fastness when printed onto alumina coated 
papers in an ink formulation containing a-cyclodextrin. 
Introduction 
The rapid development of digital cameras has been accompanied 
by technologies which give photorealistic images by inkjet printing 
onto high quality papers.' These are usually treated with oxides 
such as alumina or silica to improve the quality and durability of 
the print and titanium dioxide to increase brightness.' , ' The inks 
currently used for photographic quality prints are generally similar 
to those used on lower grade papers and it is important to establish 
whether their performance can be improved by functionalizing the 
dyes to meet the requirements of the higher grade papers. To this 
end we have previously described a strategy for enhancing the 
wet fastness of dyes for inkjet printing based on incorporating 
ligating groups which form very stable complexes with the oxides 
used in photo quality papers.' In this paper we discuss adsorption 
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Kings Buildings; West Mains Road, Edinburgh, UK E119 3JJ E-mail: 
p.a.tasker@ed.ac.uk;  Fax: +44 1316506453; ml.' +44 131 6504706 
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of I and Son goethite (plotted on a log scale); 9: Data for Fig. 5- NMR 
data for formation of 5: a-CD complex; 10: Data for Fig. 6- UV/ Vis data 
for formation of 5: a-CD complex; 11-12: Data for Fig. 8 - isotherms 
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isotherm of compound 6 with a-CD on ATH; 15-16: Data for Fig. II - 
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isotherm of compound I with a-CD on goethite; 19: Data-for UV/Vis for 
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ROESY NMR of 6: a-CD complex; 29: ROESY NMR of9: a-CDcomplex; 
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of 7 and 8 on ATH; 37-38: Data for isotherms of 9 and 10 on ATH. See 
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isotherm measurements on the uptake of simple dyes containing 
pendant sulfonic, carboxylic, phosphonic and arsenic acid groups 
(Fig. I) at high surface area aluminium trihydroxide (ATH) using 
this as a model for oxide treated papers. Results are compared with 
the uptake on goethite which while not used for paper treatment 
is an important pigmentary material. 
Incorporation of chromophores into the cavities of cy-
clodextrins (CDs) can greatly enhance their stability towards 
photobleaching.'' When "reactive dye" chemistry' based on the 
replacement of chlorine atoms in 1,3,5-trichlorotriazine was used 
to attach a chromophore-cyclodextrin complex to cellulose, a 
rotaxane was generated, "stoppered" at one end by the cellulose 
surface and the other by a bulky naphthalene disulfonic acid group 
(Fig. 2).' In this paper we focus on the design requirements to form 
rotaxane-like ternary complexes in which an inclusion complex of 
the dye in the cyclodextrin is tethered to an ATH or goethite 
surface by a ligating group on the water-soluble dye. 
Experimental 
Instrumentation 
ID Nuclear magnetic resonance spectra were recorded on Broker 
AC 250 MHz and DPX Broker 360 MHz instruments. All 2D 
NMR experiments (COSY, and ROESY) were acquired from 1024 
increments of 2 K data points and 16 scans each. The data were 
zero-filled twice in the t, dimension and multiplied by a squared 
sine bell function (SSB) in both dimensions. NMR spectroscopic 
data processing was carried out on a Broker Silicon Graphics 
02 station with standard UXNMR software as well as on a PC 
with ID WIN NMR (960901) software (Broker Franzen Analytic 
Gmbl-1). 
Fast atom bombardment (FAB) mass spectrometry was per-
formed on a Kratos MS 50 machine. Electrospray (ES!) mass 
spectra were obtained on a Thermoquest LCQ spectrometer. 
FTIR spectra were recorded on a JABCO FTIR-460 spectrometer 
using KBr discs. Electronic spectra were measured on an ATI 
UNICAM UV/Vis spectrometer with 1 cm path length quartz 
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Fig. I Structures of the azo-dyes and simple phosphonic acid derivatives used in this paper. 
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Fig. 2 The proposed rotaxane structure for the attachment of a reactive 
dye to mercerized cotton.' 
cuvettes. inductively coupled plasma optical emission spec-
troscopy (ICP-OES) analysis for Al, As, Fe, P and S was performed 
on either a Thermo Jarrell Ash IRIS ICP-OES or a Perkin 
Elmer Optima 5300 DV. C, H, N contents were obtained on a 
CE-440 elemental analyzer. Melting points were recorded on a 
Gallenkamp apparatus and the measurement of pH was carried 
out using an ORION 41 OA pH meter. 
Curve fitting was performed using the programs Origin 5.0 (c) 
Microcal Software Inc and SigmaPlot 2000 (demo version) (c) 
1986-2000 SPSS Inc. 
Solvent and reagents 
All reagents were used as obtained from Aldrich, Lancaster 
or Fluka. Solvents were used as received. High surface area 
"superfine Al(OH) 3 " was supplied by Alcan Chemicals and 
Goethite by Bayer (Bayferrox 415). ci-Cyclodextrin was dried 
at 100°C under vacuum prior to use. Water was purified before 
use on a Mi1liQ8 water purification system. 
Synthesis of the ligands shown in Fig. 1 
Phenylphosphonic acid, I, 4-(4'-aminophenylazo)phenylarsonic 
acid, 7 and 4.(4'-dimethylaminephenylazo)benzenearsonic acid 
hydrochloride, 8 were obtained from Aldrich. 
3-Oxo-3-p-tolylpropylphosphonic acid (2). 2 was prepared in 
three steps9 '° from 4-methylacetophenone. Yield (70%); mp 157-
159 °C. Found: C, 52.60; H, 5.72. C,,H, 3O4P requires C, 52.64; 
H, 5.740/..5H (d6 -DMSO, 250 MHz) 7.85 (d, 2H, Ar—H), 7.32 (d, 
214, Ar—H), 3.15 (m,'2H, CH,) 2.30 (s, 3H, CH3), 1.90 (m, 2H, 
CH2P). Oc (d 5 -DMSO, 63 MHz) 197.66 (C0), 143.46 (At C), 
133.95 (Ar C), 129.44 (Ar 2CH), 128.08 (At 2CH), 38.76 (Cl-I 2), 
21.97 (CH 2P), 21.28 (CH 3 ). Op (d6-DMSO, 101 MHz) 27.30. MS 
(FAB, NOBA) ml: 229 (MH., 99.2%). V055 /c111' 3500 hr (OH), 
1681 (C=O), 1251 (P=O). 
4-(4'-Hydroxyphenylazo)benzenesulfonic acid (3). Dye 3 was 
obtained from sulfanilic acid." Yield (58%); mp 282-285 ° C 
(decomp.) (lit.," 283 ° C). H (D2O, 250 MHz) 7.73 (d, 2H, At—
H), 7.58 (m, 4H, Ar—H), 6.54 (d, 214, Ar—H). O, (13 20,63 MHz) 
174.94 (C—OH), 154.58 (C—S), 142.58 (C—N=N), 142.07 (C-
NN), 127.08 (Ar 4CR), 122.15 (At 2CR), 120.29 (Ar 2CH). 
MS (ES, MeOH—CH 3 CN) ml: 277 (M, 1000/6). v,,,/cm - 1 3244 
br (OH), 1187 (OSO). 
4-(4'-Hydroxyphenylazo)benzoic acid (4). Dye 4 was similarly 
prepared from 4.aminophenylcarboxylic acid." Yield (66%); 
§ As is the norm for water-soluble dyes, Cl-IN values are not included in 
the paper since the dyes are isolated in their salt form. 
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mp 275-277 ° C (decomp.) (lit.," 277-279 °C).J 11 (D 70, 250 MHz) 
7.98 (d, 2H, Ar-H) 7.76-7.84 (m, 4H, Ar-H), 6.98 (d, 2H, At H). 
Oc (D 7 0, 63 MHz) 183.01 (CO 7 H), 157.59 (C-OH), 157.32 (C-
NN) 145.20 (C-NN), 133.15 (Ar C-CO,H), 130.40 (Ar 2CH), 
122.61 (Ar 2CH), 124.09 (Ar 2CR), 116.11 (Ar 2CH). MS (ES, 
MeOH-CH 3 CN)m/z 241 (M, 100%). 
4_(4'HydroxyphenyIazO)PhenyIPhOSPhOfliC acid (5). Dye 5 
was prepared by a procedure developed at Avecia." p. 
Bromoacetanilide (50.0 g, 0.21 met) and NiCI 7 (3.5 g, 0.03 mol) 
were heated under N 7 at 190 ° C and triethyl phosphite (45.0 ml, 
0.26 mol) was added dropwise, collecting the 1-bromoethane 
formed in a Dean-Stark apparatus fitted with a solid CO 2 
condenser. After addition was complete, the reaction was allowed 
to cool to ISO °C and stirred for I h. The solution was allowed 
to cool to room temperature and stirred with light petroleum (bp 
40-60 ° C) overnight. The white solid which separated was recrys-
tallised from ethyl acetate to give 4-acetylaminophenylphosphonic 
acid diethyl ester, as white crystals. Yield (29.4 g, 52%); mp 
138-140 ° C. Found: C, 52.33; H, 6.60; N, 5.19. C, 2 H,SNO41P 
requires C, 53.14; H, 6.69; N, 5.16%. OH (CDCI 3 , 250 MHz) 
9.44 (s, IH, NH), 7.76 (m, 4H, Ar-H), 4.09 (in, 4H, 2CH7), 
2.22 (s, 3H, CH 3 C=O), 1,33 (t, 6H 2CH3 ). 0c (CDCI 3 , 63 MHz) 
169.48 (C0), 142.68 (Ar C-N), 132.55 (Ar 2CR), 122.65 (At 
CH), 120.52 (Ar CH), 119.14 (Ar C-P) 62.09(2 OCH2), 24.30 
(CH3 C=O), 16.14(2 CH 7 CH 3 ). Op (CDCI 31  101 MHz) 20.20. MS 
(FAB, NOBA) mlz 272 (MH, 100%). v,./cm' 3311 br (OH), 
1701 (CO), 1259 (P=O). 4-Acetylaminophenylphosphonic acid 
diethyl ester (20.0 g, 0.07 mol) was stirred at refiux (ca. 100 °C) in 
concentrated HCI (500 ml) overnight. Ethanol (70 ml) was added 
to aid dissolution. The solution was concentrated to 100 ml and 
placed in the fridge for 48 h. The resulting white precipitate, 
4aminophenylphosphonic acid, II was collected and dried in 
vacua. Yield (8.0 g, 62%); mp 251-252 °C (lit.," 254-256 °C). 
Oil (D 7 0 250 MHz) 7.52 (m, 2H, Ar-H), 6.84 (m, 2H, Ar-H). 
& (D 2O, 63 MHz) 147.89 (c-NH 2), 131.92 (Ar 2CR), 129.66 
(C-P), 115.84 (Ar 2CH). O r, (13201  101 MHz) 14.70. MS (FAR, 
NOBA) ni/z 174 (MHt, 71 0/6). Vm , X /Q2f 2865 br (OH), 1226 
(P0). 4-Aminophenylphosphonic acid was converted to 4-(4-
hydroxyphenylazo)phenylPhOsPhonic acid, 5 using the method of 
Sub et aL" Yield (95%); mp 277-280 °C (decomp.). O H (D2O, 
250 MHz) 7.72-7.83 (m, 4H, Ar-H), 7.65 (m, 2H, Ar-H) 6.75 
(d, 2H, Ar-H). O,, (D 2 0,63 MHz) 173.91 (C-OH), 152.90 (C P), 
142.00 (C-N=N), 141.09 (C-N=N), 131.68 (Ar2CH), 126.42 (Ar 
2CH), 121.08 (Ar 2CH), 120.12 (At 2cH). Op  (D2O, 101 MHz) 
11.79. MS (ES, MeOH-CH 3 CN) m/z 277 (M, 100%). v.,/cm' 
3470 br (OH), 1247 (PO). 
4_(4'HydroxyphenylazO)phenylarsOfliC acid (6). Dye 6 was pre-
pared from 4-aminophenylarsonic acid using the same method" 
as 3. Yield (62°/i); mp 288-289°C (decomp.). O H (D 7O, 250 MHz) 
7.72 (d, 2H, Ar-H), 7.60-7.64 (rn, 4H, Ar-H), 6.57 (d, 2H, Ar-H). 
O (D2O, 63 MHz) 174.52 (c-OH), 154.50 (C-As), 142.23 (C 
N=N), 141.08 (C N=N), 131.48 (Ar 2CH), 126.93 (Ar 2CH), 
121.98 (Ar 2cH), 120.37 (Ar 2CH). MS (ES, DMF-MeOH-
CH 3 CN) tn/z 321 (M, 22%). v,,,/cm' 3103 br (OH). 
3(4'-Aminophenylazo)benzcncphOsphOflic acid (9) and 3-(4'-
hydroxyphenylazo)benzcnephOsPhOflic acid (10). Dyes 9 and 10  
were prepared by procedures developed at Avecia." Phenylphos-
phonic acid (25.0 g, 0.14 mol) was dissolved in concentrated 
H 7 5O4 (102 ml) at 0 ° C and a mixture of H 2 SO4 and HNO3 
(10 and 13 ml) was added dropwise at 0 °C. After stirring 
for 2 h, the reaction was quenched by the addition of ice (ca. 
300 g). The precipitate was recrystallised from hot acetic acid to 
give 3-nitrophenylphosphonic acid as colourless crystals. Yield 
(13.3 g, 42%); mp 148-150 ° C. Found: C, 34.86; H, 3.17; N, 
6.46. C6 H6N05 P requires C, 35.48; H, 2.98; N, 6.90%. O H (D1 O, 
250 MHz) 8.35 (d, 2H, Ar-H), 8.21 (d, 2H, Ar-H), 7.94 (q, 
2H, Ar-H), 7.58 (t, 2H, Ar-H). 0c (D70, 63 MHz) 147.92 (C-
NO7), 136.88 (At CH), 133.14 (C-P), 130.42 (Ar CH), 126.53 
(Ar CH), 125.54 (Ar CH). 0,, (D7 O, 101 MHz) 12.47. MS 
(FAB, THIOG) tn12 204 (MH. 100%). v,-/cm' 2873 br (OH), 
1279 (P=O). 3-Nitrophenylphosphonic acid (10.0 g, 0.05 mol) in 
methanol (25 ml) was reduced under H 2 for 6 h in the presence 
of 10% Pd/C (0.3 g) to form 3-aminophenylphosphonic acid. 
Yield (8.5 g, 56%); mp 290 ° C (decomp.) (lit.,' 3 315 ° C). O H 
(CDCI 3 , 250 MHz) 7.02 (d, IH, Ar-H), 6.60 (d, lH, Ar-H) 
6.40 (d, 2H, Ar-H). O (CD3 OD, 63 MHz) 150.11 (c-NH,), 
137.89 (C-P), 129.14 (At CH), 121.80 (Ar CH), 117.41 (Ar CH), 
112.32 (Ar CH). Op (CDCI 7 , 101 MHz) 25.04. MS (FAB, NOBA) 
m/z 174 (MW, 100%). 3-Aminophenylphosphonic acid was con-
verted to 3-(4-aminophenylazo)benzenephosphonic acid (9) and 
3-(4'-hydroxyphenylazo)benzenephosphonic acid (10) by coupling 
with aniline or phenol respectively, following the method of 
Suh ci aL" 
9:§ O H (CD3 OD, 250 MHz) 8.2 (d, lH, At H), 7.72-7.84 (m, 
2H, Ar-H), 7.71 (d, 2H, Ar-H), 7.44 (t, IH, Ar-H), 7.02 (d, 2H, 
Ar-H). 0,, (CD 3OD, 101 MHz) 16.25. MS (ES, NOBA) m/z 276 
(Mm 100%). 
10:§ OH (CD 3 0D, 250 MHz) 7.73-7.93 (m, 4H, Ar-H), 7.55 (m, 
2H, Ar-H) 6.84 (d, 2H, Ar-H). 0,. (CD3 OD, 101 MHz) 16.2. MS 
(ES, NOBA) m/z 277 (M, 1000A). 
Adsorption isotherm mcasuremcntst 
Aqueous stock solutions (5 x 10 - M) of each of the ligands 
shown in Fig. I were prepared and the pH was adjusted to 
Ca. 8.5 by addition of sodium hydroxide. In experiments with 
cyclodextrin, a- or 3-CD was added in equimolar quantities. 
Accurately pre-weighed quantities of ATH or goethite, (ca. 0.4 g) 
in polycarbonate centrifuge tubes were stirred with solutions of 
the ligand in water (10.0 ml) of known concentrations for 2 hat 
25 ° C. The mixtures were centrifuged, filtered and analysed by 
ICP-OES. The determined concentrations of phosphorus, sulfur 
or arsenic defined the amounts of dye remaining in solution 
and hence the amount adsorbed on the ATH or goethite. No 
significant levels of aluminium or iron were detected in the 
aqueous phase after equilibration with ATH or goethite. The 
data, plotted using Origin 6.1, were subject to a non-linear 
curve fit. By default, the maximum surface coverage (A) and 
equilibrium adsorption constant (K) were obtained from the 
standard Langmuir adsorption isotherm 
AK(c/t) 
= I + K(c/r) 	
(I) 
where y is the surface coverage, c is the residual dye concentration 
in solution, and c' = I mol dm 3 . In some cases, it was necessary 
This journal is 	The Royal Society of Chemistry 2006 	 Dalton Trans., 2006, 2785-2793 1 2787 
to modify this function to take into account the formation of a 
second adsorbate layer. It was found that a suitable function was 
of the 'double-Langmuir' form 
K,(c/r) 	K,(c/c) 1 
	
y = A [I + K,(c/c) + I + K2(c/r)j 	
(2) 
where K, and K 2  are the adsorption constants for the first 
and second layers. These equations are all appropriate to ideal-
solution conditions, which is justified for the range of residual dye 
concentrations obtained in this work (less than 102  mol dm-1 ). 
UY/Vis measurements 
Stock solutions (7 x I0 M) of each dye were prepared in a 
phosphate buffer" (ca. pH 8) and the absorption spectrum of 
the dye was measured both independently and in the presence 
of increasing concentrations of a-CD (1 x 10-' to I x 10-2  M) 
at a constant wavelength (ca. 300-400 nm) at 25 ° C. The results 
from the latter experiments were analysed to yield complexation 
constants (K) as follows. It is assumed that the concentrations 
of dye ([dye]), cyclodextrin ([CD]), and complex ([CD-dye]) are 
sufficiently low for the respective activity coefficients to be assumed 
equal to unity. If the total dye concentration is denoted by [dye] 0 , 
the mole fraction of 'free' (uncomplexed) dye molecules by x,,,, 
and the total cyclodextrin concentration by [CD] 0 , then we have 
that [CD-dye] = [dye] 0(l - x1,,,) and [CD] = [CD] 0 - [dye]0(I - 
x 1,,,). Inserting these relations into the mass-action law 
K = 
[CD - dye]c 	 (3) 
[CD][dye] 
and solving for x,. yields 
-(I +K4)±J(l ± KAY ±4K[dye]o/c 
= 	 2K[dye]ü/c 	
(4) 
where 4 = ([CD]0 - [dye]o)IC. The measured absorption coeffi-
cient of the dye at fixed wavelength A is a weighted sum of the free 
and complex absorption coefficients: 
e([CD] 0. 2) = xcr.,crree(A) + 0 - Xfr.,)C n,pi,x(A) 	(5) 
Substituting eqn (4) into eqn (5) yields the dependence of the 
measured absorption coefficient on cyclodextrin concentration. 
NMR measurements 
In the 'H NMR experiments, the total dye concentration was 
fixed at 0.05 M and adjusted to Ca. pH 8 by addition of 
sodium carbonate. The total cyclodextrin concentration was 
varied between 0.4[dye] to 2.0[dye] and the variation of the peak 
position of a well resolved signal in the region ofôH  = 7-8 ppm was 
measured at 25 ° C. The approach outlined in the section 'UV/Vis 
measurements' was employed to extract the dye-cyclodextrin 
complexation constant (K); the only difference is that eqn (5) now 
reads 
= Xrr.,örr,e + ( I - Xrree )ócom piex 	 (6) 
COESY and ROESY spectra (see ESI) were recorded in D 20, 
0.03 mol of dye + 0.03 moll of a-CD, adjusted to p!-1 8 by addition 
of NaHCO3 . 
Print testing 
Ink preparation and printing. The dye (0.35 g) was dissolved in 
a mixture of glycerol (0.75 g), thiodiglycol (0.75 g), area (0.75 g), 
Surfynol 465 (0.1 g) and distilled water (7.3 g) and was stirred for 
30 mm. The pH was raised to 8.5-9.5 by the addition of LiOH 
and the solution was microfiltered through a 0.45 pm syringe filter. 
The filtrate was placed in a nib to generate prints using a contact 
method of ink lay-down. When inkjet printing was used the ink was 
microfiltered through a 0.45 Inn syringe filter, and injected (3-7 ml) 
into a clean BC2I monochrome ink cartridge. A small volume of 
ink was pulled through using a vacuum line, and the cartridge was 
inserted into HP560 printer to generate prints. Reflected optical 
density (ROD), L, a, b, C and h of the prints were measured using 
a Gretag-Macbeth spectrodensitometer 24 h after printing. 
Humidity fastness. Sections of prints were sealed in ahumidity 
jar for 16 h at 60 ° C. The prints were then analysed by optical 
microscopy and the colour bleed into non-printed areas was eval-
uated qualitatively using a scale 1-10 (1 indicating undetectable 
migration) by comparison with control prints supplied by Avecia. 
Light fastness. The ROD of printed cards was measured (see 
above) before and after exposure to known illuminances, measured 
at 420 nm, in an Atlas Ci5000 weatherometer for up to 100 It at 
63 ° C and 50% humidity. 
Ozone fastness. The ROD of printed cards was measured (see 
above) before and after 24 h exposure to I ppm ozone at 40 ° C 
and relative humidity 50% in a Hampden 903 ozone cabinet. 
Results and discussion 
It was assumed that a necessary condition for the formation 
of a stable ternary surface/dye/CD complex analogous to the 
rotaxane in Fig. 2 is that the ligating group on the dye should 
afford strong binding to the oxide surface. A comparison of the 
isotherms for the four dyes 3-6, which vary only in the nature 
of acid group para to the azo unit, allowed us to define suitable 
ligating groups. The phosphonic and arsenic acid derivatives 5 
and 6 show isotherms (Fig. 3) on high surface area aluminium 
trihydroxide with similar equilibrium adsorption constants and 
surface coverages [800 (±100) and 20 x 10 mol g'] and [1400 
(±200) and 10 x 10_6  mol g'] respectively, based on curve-fitting 
for a Langmuir model. The isotherms for 3 and 4 are poorly 
defined (see ES!:) suggesting that sulfonic and carboxylic acids 
attach much more weakly to ATH. 
The phosphonic acid and arsenic acid dyes 5 and 6 bind very 
strongly to goethite (see ESIt). For such strong binding it is helpful 
to present the isotherms with a logarithmic scale for the residual 
concentration (see Fig. 4 and equations in the Experimental 
section). When this is done the system provides evidence for double 
layering. Once a coherent monolayer of 5 or 6 is formed it would 
be possible for phenol groups of a second layer of dye molecules 
to interact with the array of phenolic 01-I groups terminating 
the monolayer. Such a mode of binding for the second layer is 
supported by the observation that benzene phosphoric acid 1 also 
gives an isotherm characteristic of very strong binding but the 
¶ Some variations in the shape of the isotherms could result from different 
hydration energies of the dyes but this has not been analysed. 
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Residual concentration (mci din 4) 
Fig. 3 The uptake of S and 6 on high surface area aluminium trihydroxide 





Residual dye concentration, c (M) 
Fig. 4 The uptake of 1 (0) and 5 (ton  goethite, plotted on a logarithmic 
scale. The equilibrium adsorption constants for the monolayer shown in 
I is [19 (±3) x 10] and the first and second layers in  is [11 (±2) x 10'] 
and [560 (±220)] respectively 
surface coverage (10.9 x 10 mol g') corresponds closely to the 
value for the monolayer of 5 (9.86 x 10 mol g'). 
The relatively weak attachment of sulfonic and carboxylic acids 
to ATI-I and goethite suggested that dyes containing phosphonic 
and arsonic acid tethering groups would be more suitable for the 
assembly of ternary rotaxane-like complexes at the surface. 
Another necessary condition for the formation of such 
rotaxane-like structures is that the dye should form stable inclusion 
complexes within the cavity of the cyclodextrin. A wide range 
of techniques have been applied to the study of the formation 
of such cyclodextrin complexes.' 9  NMR, in particular, offers the 
possibility of defining the orientation of the guest in the cavity 5"°22 
and of measuring formation constants for the dye-CD complex! 
An analysis of the ROESY 94 NMR spectra of I : I mixtures of 
a-cyclodextrin and 5 or 10 in D,O indicates that the four H-atoms 
ortho to the azo group form close contacts in the cavity with the 
cyclodextrin's 1-13 and H5 protons. Such an assembly with azo 
dyes can lead to protection from photobleachingfr' In this work,  
measurement of the variation in chemical shifts of H-atoms ortho 
to the azo group of 5, using a fixed dye concentration of 0.05 M in 
D,O, with various cyclodextrin concentrations (Fig. 5) gave values 
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[a-cydodextmn] / met dnf' 
Fig. 5 Variation of the chemical shift (ö) of the 'H signal (7-8 ppm) of 5 
(0.05 M) in D,O with a-cyclodextrin concentration: pH 8 at 25 °C. 
The incorporation of azo-dyes into the cavities of cyclodextrins 
is often accompanied by a significant change in wavelength of the 
chromophore" and consequently it is also possible to use varia-
tions in UV/Vis spectra to monitor complex formation. Spectra 
are also dependent on pH and concentration as azo dyes are known 
to aggregate in aqueous solutions with a resultant decrease in 
adsorption and a departure from the Beer-Lambert law. 2' At the 
dye concentrations used in this study (7 x 10 -' M) absorbances 
were found to vary linearly with concentrations. Using 7 x 10 -1 M 
solutions at pH 8 in phosphate buffer, variations in absorption 
coefficient of major adsorption peaks were measured as a function 
of the concentration of added cyclodextrin. Appropriate peaks 
and concentration ranges of cyclodextrin were then used to obtain 
data to allow curve fitting to confirm the stoichiometry of the 
dye : cyclodextrin complex and determine its formation constant. 
Data for the a-cyclodextrin complex of 5 are shown in Fig. 6. The 
resulting fit of absorption coefficients at increasing concentrations 
of a-CD gave values of K = (3 ± 1) x 10', er,,,(359 nm) = 12100 
(±100) M- ' cm' and ecom p,ex (359 nm) = 16000 (±200) M' cm -1 . 
Results for the other dyes are included in Table I. 
Formation constants for the para-substituted phenolic dyes 
3-6 fall in the range (1.8-13.2) x 10 1 , whilst that for the 
Table! Equilibrium constants and absorption coefficients of the free dye 
and the inclusion complexes for dyes 3-40 in phosphate buffer at 25 ° C 
Dye K e/M' cm- ' ;,mp,a /M' cm' 
3 1800 (±60) 13350 (±200) 16500 (±200) 
4 8500 (±3000) 14000 (±60) 15000 (±50) 
5 3000 (±700) 12100 (±100) 16000 (±200) 
6 13200 (±1000) 12900 (±20) 14500 (±18) 
7 8600 (± 1000) 17300 (±42) 19400 (±40) 
8 15700 (±2500) 26100 (±40) 24700 (±40) 
9 2400(=E2000) 13000 (±100) 13000 (±100) 
10 	- 60 (±100) 14000 (±100) 37000 (±5000) 
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.16400 	 dye-surface and the dye-cyclodextrin complexes will be needed 
16000 
for the formation of the rotaxane structure to be favoured. 
The isotherms presented in Fig. 8 follow the uptake of the 
phosphonate dye 5 onto ATH in the presence of equimolar 
15200 quantities of a- or -cyclodextrin. The initial slopes at low residual 
dye alone, indicating that similar binding strengths are involved. 
14000 	
dye concentration are comparably steep with the curve for the 
However, the surface coverages differ significantly. The increased 
13600 





f 0, surface coverage from 20.0 x 10' to 6.3 x 10_6  and 4.8 x iaoo 10-6 mol g' for Sand its a-CD and n-CD complexes, respectively. 12800 12400 1.8x10 
	
I 	 1.6x10- 
0-' 	
••iO5 	
i - 	io 	• 10-' 10 	10-' 	 4. 
[a-cyclodextdn]/M 	 .r 
1.4x10 
Fig. 6 Variation of the absorption coefficient (a) of cyclodextrinye 	
110 
complex of 5(7 x 10 - ' M) at pH 8 with concentration of d-cyclodextrin in J 1.OXIO 
phosphate buffer at 25 °C.
6.o 	
- 
meta-substituted analogue 10 is an order of magnitude lower. 	I xlo 4.0x10 	£ 
'H and "C NMR.studies of the phosphonates 1 and 2 with 
CD indicate much weaker binding and provided evidence for the 	2.OxlO 	
a 5 with a-00 
5wTh p-CD 
formation of complexes with other stoichiometries. 	 o.o . 
The adsorption isotherm data and the formation constants for 	
0.000 	0.001 	0.002 	0.003 	0.004 	0.005 	0.006 
ResidS cono.nfrafion (fbi dm) 
binary complex formation allow us to define which combinations 
of surface, dye and cyclodextrin are most likely to form the ternary, 	Fig. 8 The effect of addition of a- or n-CD on the uptake of 5 onto high 
rotaxane-like, complex (see Fig. 7). Comparable stability of the surface area aluminium trihydroxide. 
OH 









Metal ox 	 Metal oxa su00 








Binaz3ctanIplax.nfl Thmsr., nmpfex 
Fig. 7 Schematic representation of the various equilibria associated with the formation of the ternary, rotaxane-like complex on high surface area metal 
oxides. 
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Fig. 9 The energy minimised structure of the a-CD: 5 complex with the phosphonic acid group protruding through the secondary hydroxyl rim of the 
cyc]odextrin. 
These data correspond to coverages of 58 (±2), 185 (±9) and 
242 (±15) A2 per molecule for the dye and its a-CD and j3-CD 
complexes, based on the surface area (7 m 2 g') of the ATH used. 
The surface coverages correspond fairly closely to values which 
would be predicted by close packing discs with diameters similar 
to those reported' for a- and f3-CD, 13.7 and 15.3 A, respectively. 
For primitive cubic and hexagonal cubic close packing of ci- 
CD the areas predicted are 188 and 163 A2 , respectively.* The 
significance of the similarity between observed and calculated 
surface coverages of the CD complexes needs to be interpreted 
with caution because the surface area of the ATH is determined 
under very different conditions and it is unlikely that the material 
will have substantial areas of flat surface. Also it is unlikely 
that the cross-sections of dye-cyclodextrin complexes will be 
strictly circular. Molecular modelling using the Dreiding force 
field method" indicates that a-CD complexes of these simple 
azo-dyes have an elliptical cross section (Fig. 9) with elongation 
away from the edges and compression towards the faces of the 
encapsulated benzene ring.ff The shortest and longest distances 
between diametrically opposed internal oxygen atoms in the 
cyclodextrin are 7.02 and 9.60 A. 
When the uptake of the comparable arson ate dye 6 onto ATH 
was measured in the presence of a-CD (Fig. 10) the isotherm 
indicated, as with 5 (Fig. 8) that the surface-binding of the 
dye:cyclodextrin complex occurs. In this case the surface coverage 
of dye is not reduced so substantially by the addition of a-CD 
which is consistent with the higher solution stability of the binary 
CD: 6 complex (Table I). 
In cases where the surface binding of the dye is very strong, e.g. 
for the phosphonicacid and arsonic acid dyes 5 and 6 on goethite, 
the uptake of the dye alone over the dye:cyclodextrin complex is 
preferred and there is no evidence for the mono-layer coverage of 
* Each square representing the primitive cubic packing has an area = 
13.7 2 = 188 A2 and contains four quarters of an a-CD. Each triangle 
representing contacts for hexagonal packing has an area = 1/2 x 13.7 x 
I 3.7sin 600 = 81.3 A 2 and contains 3 x 1/6th of an a-CD. 
tt A CD-guest structure was selected from the Cambridge Structural 
Database. CDEXIAO I ((x-cyclodextrin-pata-iodoaniline trihydrate); 2° the 
guest and water of solvation were removed and replaced by 5. The 
energy minimised structure with the phosphonate adjacent to the rim 
with secondary alcohol groups is slightly more stable (-162 kcal mol') 
than that with the phosphonate adjacent to the primary alcohol groups 
(-152 kcal mol). 
1.6x104 
I .4x10 








6 with a-CD 
o.or 
0.0000 0.0005 0.0010 0.0015 0.0020 0.0025 0.0030 0.0035 
Residual Concentration tmol dm) 
Fig. 10 The effect of addition of a-CD on the uptake of 6 onto high 
surface area aluminium trihydroxide. 
the dye being reduced by the addition of cyclodextrin (see Fig. 11). 
In these systems the addition of a-CD suppresses multilayering of 
the dye. 
Residual concentration (mol dm°) 
Fig. 11 The effect of the addition of a-CD on the uptake of 5 onto high 
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For the phosphoric acids land 2 which do not form well defined 
I inclusion complexes with a-CD in solution (see above), no 
reduction of the total uptake on goethite was expected on the 
addition of a-CD in an isotherm determination and none was 
found (see Fig. 12). 
Fig. 12 The insignificant effect of the addition of a-CD on the uptake of 
1 onto high surface area goethite. Very similar results were obtained with 
2 (see ESIt). 
The effects of incorporation of surface-ligating groups and of 
the formation of cyclodextrin complexes on the performance of 
the dyes when printed onto various papers were evaluated using 
a variety of test methods. Humidity fastness of 3-5 and 9 was 
compared by exposing printed text on three types of paper in sealed 
humidity jars at 60°C. The phosphonates Sand 9 showed (Table 2) 
a smaller degree of dye migration on alumina coated papers than 
sulfonate and carboxylate analogues. Such an improvement in 
wet fastness is consistent with the strong binding of 5 and 9 to 
high surface area ATH, as revealed by the adsorption isotherm 
studies described above. The phosphonate-functionalized dyes 
also showed a greater wet fastness on silica-treated papers and it is 
clear that attachment of surface ligating groups offers an effective 
method of improving the performance of dyes on oxide-treated 
papers. 
It has been shown previouslyll ,m that light fastness of inkjet 
dyes is very dependent on the nature of the media onto which 
they are printed, and, as might be expected, the incorporation 
of surface ligating groups into the simple dyes shown in Fig. I 
had no beneficial effect on their light fastness (see ESIt). Indeed, 
the phosphonate-functionalised dyes faded faster than 3 and 4 
when they were printed on alumina-coated papers. However, 
the light fastness of these dyes on alumina-coated papers (HG 
201 and PRIM in Fig. 13) is significantly enhanced when the 
ink formulation contains a-cyclodextrin. The protection of the 
Table 2 Humidity fastness values for 3-5 and 9 on a 1-10 scale, with 1 
representing an undetectable migration of dye 
Papers/dyes 
HG 201 (alumina coated) 	I 	7 	I 	I 
PR 101 (alumina coated) 2-3 7 I 1 








- Dye S only on HP premium plus 
Dye  + COon HP pmmium plus 
Illuminencelklux 
(C) 
Fig. 13 The effect of the incorporation of a-cyclodextrin into inks on 
the reflected optical density loss of 5 on exposure in an Atlas Ci 5000 
weatherometer when printed on alumina-coated (HG 201 and PR 101) or 
silica coated (HP premium) papers. 
azo-chromophore from photo-induced bleaching reactions by 
formation of ternary dye-cyclodextrin-surface complexes could 
account for this effect.' In contrast, the incorporation of a-
cyclodextrin into ink formulations of 5 and of some of the other 
dyes in Fig. I gave no improvement in ozone stability. Ozone 
fastness appeared to be dependent much more on the nature 
of the paper than on the ability of the simple dye to form 
complexes with the a-cyclodextrin and or alumina in the paper. 
These results contrast with work which has shown that formation 
of cyclodextrin rotaxanes on the surface of cellulose leads to 
improved ozone-fastness.',' 1.22 
Conclusions 
The measurement of isotherms at high surface area oxides provides 
a simple method to assess the efficacy of different surface ligating 
groups which might be used to attach effect molecules to solid 
supports and thus generate new functional materials. Systematic 
comparisons of isotherms provides evidence for the formation of 
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ternary dye-cyclodextrin-surface complexes which have rotaxane-
like structures and offer the possibility of protecting the dye 
or other types of guest molecule from chemical or photolytic 
degradation in such functional materials, e.g. in light harvesting 
devices. 
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